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Abstract
There is an increasing need for small, conformal and multifunctional antennas that can
satisfy all sorts of communication needs and varieties of portable devices and sensors for
monitoring and information gathering. One area that has received much attention in
recent years include antennas for body-centric applications that can be integrated into
body-worn and implantable medical devices (IMDs). Continuous reduction in size for
body-worn and IMDs require ultra-small antennas for embedded applications. However,
the designers of body-centric antennas are faced with numerous challenges in dealing
with issues related to miniaturisation, biocompatibility, patient safety, detuning and
additional challenges imposed by the human body, which significantly affects the per-
formance of the antennas. In order to have efficient wireless communication systems, it
is important to understand and characterise the effects of the human body on antenna
elements, the radio propagation channel parameters and the overall system performance.
The thesis is focused on design and development of antennas for body-centric applica-
tions, which involve on-body, off-body and implantable devices. Numerical simulations of
the proposed antennas on human tissue-mimicking materials (phantom) were performed
to determine how the human tissues affect the antenna performance. A series of mea-
surements have been made on human body phantom made in the laboratory as well as
real on-body human subject applications.
Based on the numerical and statistical data obtained from these studies various an-
tenna designs have been proposed for body-centric applications including applications in
implantable devices in the Medical Implant and Communication Service band (MICS)
402-405 MHz, on-body applications in the Industrial, Scientific and Medical (ISM) band
at 2.45 GHz and Ultra-wideband (UWB) spectrum 3.1 GHz - 10.6 GHz for on-body and
microwave imaging applications.
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Chapter 1
Introduction
Emerging wireless technologies and applications are making great impacts on our lives for
the past two decades or so. One of the challenges many people face around the world is
the issue of mobility owing to poor health conditions. To make matters worse, it is more
difficult to continuously monitor people round the clock especially those with long-term
health conditions. With the widespread use of portable devices such as smartphones and
smart wearable watches the concept of collecting personal data in those devices becomes
more realistic to support remote monitoring services. These devices could perform various
preventive functions to maintain and improve lives through variety of communication
links. It has become imperative to establish reliable communication links with such
devices for various purposes.
It is expected that remote monitoring technologies using wireless sensors and wearable
devices will be deployed in the near future to provide services such as diabetes care, high
blood pressure, cardio-vascular diseases and care for the aged. The current monitoring
systems made available by many service providers use basic manual infrastructure where
in most cases customers or patients manually collect data and send them to providers.
Besides the healthcare applications of sensors and wearable devices, there are other ar-
eas such as sports, military and agriculture that have been identified to benefit from
body-centric technology. In all cases, the future sensor networks and wearable devices
are expected to automatically collect physiological data and transmit them over commu-
nication interfaces.
One of the key components of any wireless system involves the use of an antenna to
transfer or receive electromagnetic waves in free space or in a particular medium. Tra-
ditionally most antennas are designed to operate in free space, but the emergence of
wireless technologies have led to a lot of on-going research activities to design antennas
for on-body and implantable medical devices (IMDS) [1–4]. These antennas are intended
for for body-worn devices and embedded applications inside the human body, therefore,
it is necessary to model and characterise such antennas for such applications.
Human body and its associated tissues are sometimes described as hostile and difficult
environment for body-centric devices and for that matter the antenna element. The
1
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human body is a very complex structure, dispersive and highly lossy that affects the
performance of antennas. Due to the complex nature of human tissues, designing body-
centric antennas for on-body and embedded applications or any other application where
the antenna is in close proximity to the human body pose great challenges and difficulties
for antenna designers. It is, therefore, imperative to understand the true impact of
biological tissues on body-centric antennas.
In recent years many patch antennas in various configurations have been proposed for
body-centric applications. However, some of these antennas are too big to be considered
for wearable and implantable devices. For this study, novel ways of designing miniaturised
antennas without compromising the performance such as gain and radiation efficiency
will be investigated. For instance, the proposed Compact Spiral PIFA has overall volume
of 251 mm3 which is a reduction of about 97% compared to the reported work in [5]
with a volume of 10240 mm3 and also a third of recently reported PIFA with volume of
692 mm3 [6], and half a fraction of 458 mm3 reported in [7]. In addition to designing
compact antennas for these operation bands, the study presents optimal designs with
respect to important antenna metrics such as radiation efficiency and gain, as well as
biocompatibility, bandwidth, and time-domain stability for UWB operation.
The motivation of this study stems from the fact that reliable, miniaturised, low-power,
portable and off the shelf antennas can play crucial roles in supporting body-centric
applications.
1.1 Research Objectives
The primary aim of this study focuses on the design of low profile antennas for body-
centric communications i.e in-body communication, off-body communication and on-
body communication. The aims of the study are achieved through numerical simulations
and investigations, experimental characterisation and analysis of the antenna elements
proposed. The main objectives of the study include:
Designing novel antennas that are ultra small, efficient and stable for body-centric ap-
plications, which operate in the following bands:
 MIC band (402-405 MHz)→ In-body communication (implantable devices)
 ISM band (2.45 GHz)→ On-body communication (wearable devices)
 UWB (3.1-10.6 GHz)→ On-body and off-body communications (Wearable devices
and microwave imaging)
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 Investigating the performance of body-worn antennas with respect to body posi-
tions to establish reliable communication links for body-centric communication.
 To design printed monopoles for on-body and microwave imaging applications.
 Provide antenna design guidelines for narrowband and ultra-wideband for body-
centric wireless communications.
 To evaluate the performance of implantable antennas in human mimicking phantom
to establish the influence of body tissues on antenna parameters.
1.2 Organisation of the thesis
The rest of the thesis is organised as follows :
Chapter 2 Presents literature review and the fundamentals of antenna theory. It starts
with the review of the state-of-the-art of body-centric antennas that include medical
implantable communication service (MICS) band, ultra wideband (UWB) and industrial,
scientific and medical (ISM) band. It then follows with the background information and
fundamental parameters use to access the quality of antennas.
Chapter 3 introduces a new printed rectangular monopole antenna (PRMA) with Q-
slot designed for operations in UWB spectrum (3.1 - 10.6 GHz). The chapter also
assesses the performance of the antenna for on-body and microwave imaging applications.
The frequency and time-domain characteristics of the antenna are also presented. The
antenna was also characterised based on several spatially dependent metrics such as
fidelity and impulse response.
Chapter 4 presents two UWBmonopoles for microwave imaging application. The chapter
also provides design guidelines and optimisation of the antenna. Experimental studies
and results in the form of array are presented.
Chapter 5 presents an ISM band 2.45 GHz antenna for wearable applications. The
chapter provides parametric studies of the antenna and means to control its resonant
frequency with a circular slot. Experimental results on real human subjects have been
presented.
Chapter 6 introduces two implantable antennas in different configurations designed to
operate in MICS band (402 - 405 MHz). The chapter provides techniques of designing
miniaturised antennas for implantable devices. The chapter also discusses the operation
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principles of the proposed antennas. The goal is to propose implantable antennas and
design techniques that can be exploited by other researchers in the future.
Chapter 7 provides the conclusion and the main contributions as well as the findings of
this study. It will also provides future works and suggestions that could be taken into
consideration to further the subject and the knowledge of body-centric antennas and
applications.
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Literature Review of Body-Centric
Wireless Communication
2.1 Body-Centric Wireless Communication
Body-centric wireless communications (BCWC) incorporate a number of important tech-
nologies in the design process ranging from antenna designs, biosensors, integrated cir-
cuits and portable systems. The body-centric networks are aimed at providing wireless
connectivity between human body and the surroundings through wearable and implanted
antennas. BCWC is expected to be part of future fourth-generation mobile communica-
tions systems and natural progression of body-area networks (BANs) and personal area
net works (PANs) [1, 2].
Body-centric communications can be classified into three main domains (Fig 2.1) i.e
in-body, on-body, and off-body. In-body communications take place between medical
implants and sensor networks. On-body communications take place between wireless
communication link within on-body networks and wearable systems. The off-body com-
munications take place from off-body to an on-body device or system, for example,
human-to-human or human-to-base units.
Figure 2.1: Domains of body-centric wireless communication.
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In practice, an integrated system utilises all three classes of body-centric communication,
and strict boundaries between them may not be established. Antennas and propagation
are the most basic points for body-centric wireless communications. We will review
antennas for body-centric communications in the subsequent sections.
2.2 Review of Antennas for Medical Implantable Commu-
nication Service (MICS) Band
The International Telecommunication Union-Recommendations (ITU-R) allocated the
frequency band of 402-405 MHz for implant devices in 1998 [3]. The standard for MICS
is defined by Federal Communications Commission (FCC) in USA [4] and European
Telecommunication Standards Institute (ETSI) [5]. The policy document primarily de-
fines two applications for MICS, communication between a base station and an implanted
device and communication between medical implants within the same body.
For effective MICS operations, the regulatory bodies recommend the effective isotropic
radiated power (EIRP) in the range of -20 dBm (10 µW) to -16 dBm (25 µW), which
assumes that the transmit power is radiated equally in all directions by the transmitter.
Thus an amount of power emitted from an isotropic antenna to obtain the same power
density in the direction of the antenna pattern peak with gain Gt. EIRP is simply the
gain of the transmitting antenna multiplied by the net power accepted by the antenna
from the connected transmitter as illustrated in Fig. 2.2 [6]. As shown, the maximum
radiation intensity Um from a transmitting antenna with input power Pt is in the direction









EIRP = PtGt (2.3)
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Figure 2.2: Illustration of EIRP. In both case, EIRP = 4piUm [6].
Many applications employ implantable antennas, for example, wireless capsule endoscopy
(WCE) and glucose monitoring of people with diabetes as shown in Fig. 2.3 [7, 8].
For the wireless capsule endoscopy, the system consists of several components including
an antenna/transmitter which transmits the capsule recorded images to the belt-pack
receiver. The glucose monitoring device offers non-invasive measuring of blood sugar
level without the need to piece the skin and possibly send the results to an external unit,
a technology being developed by MediWise UK [8]. Furthermore, in [9], a circumference
antenna, which is a monopole antenna that is mounted around the edge of the pacemaker
case has been used for cardiac devices as shown in Fig. 2.4.
Figure 2.3: (a) Wireless endoscope capsule system [7] (b) Blood glucose level
monitoring system [8] .
Figure 2.4: Circumference antenna on a pacemaker [9] .
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The current progress and achievements of implantable medical devices (IMD) employ
different types of antennas designed to meet the regulatory standards and also to pro-
vide wireless biomedical telemetry. The current approach uses inductive link and radio-
frequency to provide biomedical communications [10–12]. The disadvantage of the exist-
ing approach is low data rate, short range communication channel and close contact of
the patient’s body near the internal coil. Current research activities are oriented towards
radio frequency-linked (RF-link) implantable medical devices [13–24].
Various regular shaped configurations such as circular, square and spiral planar inverted-
F antenna (PIFA) have been reported in the literature [21, 25–28] as shown in Fig. 2.5.
The recent developments are geared towards antennas that can operate in both MICS
and ISM bands. For example, in [29] a dual band implantable antenna operating at
MICS band 402 MHz and ISM band 2.4 GHz has been proposed (See Fig. 2.6).
(a) Circular PIFA for biotelemetry [27] (b) Meandered circular PIFA for biotelemetry [30]
(c) Spiral PIFA for implantable device [25] (d) Implantable stacked PIFA for MICS band [28]
Figure 2.5: Examples of Implantable PIFAs for biotelemetry available in the open
literature.
In [6, 31, 32], it has been established that the resonant length of a microstrip patch
antenna is approximately half wavelength at the operating frequency. However, in
[25, 26, 33], the studies show that using planar inverted-F antenna (PIFA), resonant
length could be reduced to a quarter wavelength. For this study we will consider PIFA
for implantable applications which will be the subject of discussion in chapter 6. PIFA
provides compactness and miniaturisation techniques suitable for implantable applica-
tions.
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Figure 2.6: Dual band implantable antenna operating at 402 MHz and 2.4 GHz
proposed in [29].
2.3 Review of Industrial, Scientific andMedical Band (ISM)
Antennas for Body-centric Communication
The industrial, scientific and medical (ISM) radio bands are unlicensed bands for many
communication devices such as bluetooth, household microwave ovens and other short-
range wireless devices. Depending on the regional regulations, different countries use
different ISM radio frequency for communication as shown in Table 2.1 [34] . For example,
these frequencies 433.1-434.8 MHz, 868-868.6 MHZ are only available in Europe. Other
frequencies such as 608-614 MHz and 1395-1400 MHz are available in United States
(U.S). The most commonly use frequency worldwide is 2.4 GHz.
Table 2.1: ISM Communication Standards [34]
Frequency range (MHz) Bandwidth Centre frequency Availability
6.765 6.795 30 kHz 6.780 MHz Subject to local acceptance
13.553 13.567 14 kHz 13.560 MHz Worldwide
26.957 27.283 326 kHz 27.120 MHz Worldwide
40.660 40.700 40.700 MHz 40 kHz Worldwide
433.050 434.790 434.790 MHz 1.74 MHz Europe,Africa,Middle East
902 928 928.000 MHz 26 MHz Americas,Greenland, and Pacific Island
2400 2425 2.5 GHz 100 MHz Worldwide
5725 5875 5.875 150 MHz Worldwide
24000 24250 250 MHz 24.125 MHz Worldwide
61000 61500 500 MHz 61.250 GHz Subject to local acceptance
122000 123000 1 GHz 122.500 GHz Subject to local acceptance
244000 246000 246 GHz 2 GHz Subject to local acceptance
Of late the ISM bands have been shared with other technologies such as wireless local area
network (WLAN), ZigBee, high performance radio local area network ((HIPERLAN),
IEEE 802.1/Wi-fi and wireless personal area network (WPAN) based on IEEE 802.15
standard. For WPAN, the aim is to facilitate network for interconnecting devices centred
around home or business systems. The newest technology to use the ISM band is z-waves
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designed to provide low-power and high data rate transmission in consumer and other
commercial products [35–37].
Significant increase in the use of bluetooth, WLAN as well as ZigBee technologies for
body-worn devices necessitate the design of antennas that can provide different perfor-
mance and possibly multi-band functionalities. Many studies have been conducted on the
operations of antennas located in close proximity of the body [38–42]. For many applica-
tions, printed antennas provide some desirable features such as physical robustness, ease
of construction and integration, low cost and in some cases conformity. Extensive stud-
ies conducted in [43, 44] for on-body applications using monopole antennas show good
performances with respect to path loss, due to their omnidirectional radiation patterns.
Recently, one area that has received much attention is the integration of wireless devices
in garments. In [45], a textile wearable dipole antenna has been proposed. Also in [46],
a patch antenna printed on a flexible pad of foam was integrated into protective clothing
for fire-fighters. In all cases, this off-body communication requires the development of
suitable antennas that combine flexibility with robustness and reliability and also to
reduce the radiation towards the human body and minimise detuning. To reduce the
effect of human body on the antenna, electro-textiles i.e electrically conductive textiles
for flexible integration with clothing have been proposed [47, 48]. Furthermore, Langley
et.al [49], proposed a flexible dual-band patch antenna (2.45 and 5.80 GHz) printed on
an Electromagnetic Band Gap (EBG) textile substrate (See Fig. 2.7) with the results
demonstrating a reduction in of radiation into the body.
Figure 2.7: Dual-band coplanar antenna on EBG plane [49].
Although significant progress has been made for narrowband antennas, more especially
at ISM band 2.45 GHz, some of the proposed antennas are too big for practical applica-
tions and also no easy mechanisms to control their properties. Furthermore, a complete
parametric study addressing the effects of the human body on the performance param-
eters for a wider number of antennas are required in order to understand what are the
requirements to design suitable antennas for body-centric wireless communications.
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For this study we propose a very simple structure that operates at ISM band 2. 45 GHz
with an easy mechanism to control its resonant frequency. The proposed structure also
show resilient in the close proximity to human body.
2.4 Review of Ultra-Wideband (UWB) Antennas for Body-
Centric Communicaion
On 14th February, 2002 the Federal Communications Commission (FCC) of U.S.A ap-
proved unlicensed use of UWB spectrum 3.1 GHZ- 10.6 GHz and released it on 22nd
April, 2002 [50]. In the first report, FCC Part-15 rule defined UWB as a system with
bandwidth greater than 500 MHz or the relative bandwidth should be 20% more than
the centre frequency. The Commission also defines a UWB device as any device where
the fractional bandwidth is greater than 0.25 or occupies 1.5 GHz or more of spectrum.





where fH is the upper frequency of the -10 dB emission point and fL is the lower frequency
of the -10 dB emission point. The centre frequency of the transmission was defined as
the average of the upper and lower -10 dB points, i.e., (fH+fL)2 .
The order establishes technical standards for three types of UWB devices :
1. Imaging systems that include;
(i) Ground penetrating radar, wall imaging and medical imaging
(ii) Through wall imaging and surveillance systems
2. Vehicular radar systems
(i) Provides for the operation of vehicular radar, collision avoidance, suspension
systems etc.
3. Communication and Measurement Systems
(i) Indoor Systems
(ii) Outdoor Hand-held Systems
For UWB systems, a very wide bandwidth of 7.5 GHz between 3.1 GHz and 10.6 GHz
is available and the power emission level up to -41.3 dBm/MHz. Fig. 2.8 shows UWB
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Figure 2.8: UWB regulations for various parts of the world [50–52].
emission limits for indoor and outdoor communications systems for various parts of the
world. The emission limits for various types of UWB systems are listed in Table 2.2.
In UWB communications, the antennas proposed for BCWC applications must take
into considerations the main characteristics of UWB technology such as the operational
bandwidth 3.1-10.6 GHz, the emission power level and short-pulse signal with minimum
distortion over the frequency range. In addition to these requirements, UWB antennas
must also consider other constraints such as group delay and fidelity. To achieve greater
accuracy, antennas for body-centric communications must be designed in the presence
of the human body, as body tissues absorb a great portion of the power supplied to
the antenna and affect the antenna input impedance, radiation patterns and resonant
frequency.
Table 2.2: Emission limits for the various types of UWB systems
Frequency range (MHz) 960-1610 1610-1990 1990-3100 3100-10600 Above 10600
1164-1240
1559-1610
Ground penetrating radar ,wall imaging,through wall imaging systems -65.3 -53.3 -51.3 -41.3 -51.3 -75.3
UWB bandwidth below 960 MHz -65.1 -53.3 -51.3 -51.3 -51.3 -75.3
UWB bandwidth 1990-10600 MHz -46.3 -41.3 -41.3 -41.3 -51.3 -56.3
Surveillance Systems -53.3 -51.3 -41.3 -41.3 -51.3 -63.3
Medical Imaging Systems -65.3 -53.3 -51.3 -41.3 -51.3 -75.3- 53.3
Indoor UWB Systems -75.3 -53.3 -51.3 -41.3 -51.3 -85.3
Hand held UWB Systems -75.3 -63.3 -61.3 -41.3 -61.3 -85.3
Vehicular radar systems -75.3 -61.3 -41.3 -51.3 -61.3 -85.3
Many UWB antennas for body-centric communications have been reported in the lit-
erature (see Fig. 2.9) [53–58]. In [59], Haga et al. presented a cavity slot antenna for
on-body application with results showing that the proposed antenna has a relatively high
efficiency of more than 50% even in the vicinity of the human body. Characterisation of
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UWB antenna for body-worn application was conducted by Klemm et al. [60] through
numerical modelling. The study used aperture-stacked antenna which shows high fidelity
values in different directions suggesting that the antenna could be a good candidate for
UWB wireless body area networks.
Figure 2.9: UWB antennas for body-centric wireless communication (a) CPW-fed
planar inverted cone antenna (PICA) [57], (b) CPW-fed tapered slot antenna (TSA)
[58] and (c) Folded planar differential antenna [56].
Other studies have shown that using printed monopoles, the antennas can have wideband
characteristics and electrical lengths which are much shorter than λ4 at the lowest oper-
ating frequency [61, 62]. Various regular shaped printed monopole antennas have been
reported in the open literature suitable for UWB applications [63–67]. Unlike planar disc
monopoles which are mounted perpendicularly on ground plane, the printed monopoles
offer easy integration on printed circuit board, reduce size on dielectric substrate and
fabrication.
As printed monopoles provide relatively ultra-wide frequency band and radiation patterns
similar to dipole antennas, as well as simple structure and low fabrication cost, in this
study, we have proposed a printed rectangular monopole antenna with Q-slot in chapter 3
and printed spline curve monopoles in chapter 4 for our on-body and microwave imaging
applications.
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2.4.1 Review of Antennas for Microwave Imaging
In the last decade, there has been renewed interest in microwave imaging for medical
applications more especially breast cancer detection [68–71]. The current approach in
detecting breast cancer is mammography i.e using X-ray to map the densities of the
breast to detect tumours [72]. However, concerns have been raised about the ionising
nature of x-ray diagnostic techniques and the rate of false negatives. Microwave imaging
on the other hand offers a complementary or an alternative solution to detect breast
cancer.
The general approach for microwave imaging system is that the object under test, for
example, the breast is illuminated with UWB pulses from a number of antennas. The
scattered signals are received by the surrounding antennas. The retrieved waveforms con-
tain relevant information about the scattering object, such as the distance and size. By
collecting and post-processing the backscatters with imaging algorithm, a high-resolution
dielectric map of the breast can be generated.
In recent years, many different types of antennas such as monopole antennas, bow-tie
antennas, patch antennas, vivaldi antennas and pyramidal horn antennas have been
proposed for imaging applications [73–77]. In [78], Bassi et al. proposed a pair of
two identical printed monopoles for an integrated radar-based microwave imaging for
breast cancer detection. The antennas were integrated with a custom hardware using
integrated circuit implemented in a 65-nm CMOS technology. The results show that
custom hardware design can replace commercial microwave laboratory equipment with
advantages in terms of performance, size, and cost of the imaging setup.
In [79], Benjamin et al. from University of Bristol developed a multi-static system using
60 patch antenna elements arranged in a hemispherical fashion as shown in Fig. 3.28.
The stacked patch antennas were located on top of the system with 60 switches below
the system to select the antenna to be the transmitter or receiver at a time. The results
show viability of detecting tumour as small as 4 mm- 6 mm using 3D breast phantom. In
a related development, Hagness et al. [80] from University of Wisconsin also presented
presented a mono-static UWB system with an UWB pyramidal horn antenna for breast
tumour detection. The system used a single horn antenna to scan through an array
of antennas around a breast phantom, with each position of the array transmitting
signal and receiving the backscatter. The results were processed using confocal imaging
algorithm.
This subsection has reviewed different types of antennas for microwave imaging being
monopole antennas, patch antennas, horn antennas and vivaldi antennas. Some of the
antennas have complex structures with sizes relatively large. In many UWB applications,
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antennas with compact size are desired. Therefore, in this study, we propose novel
monopole antennas, compact in size with spline curve radiators for our UWB microwave
imaging applications. The size of the proposed antennas are comparable to those reported
in the open literature [56–58].
Figure 2.10: Multi-static imaging system (a) Sixty element antenna array, (b)
Tx/Rx electromechanical switching interface and (c) The whole imaging system [79].
2.5 Fundamentals of Antenna Theory
An antenna is a key component for radio-linked communications. According to IEEE
standard definition an antenna is “that part of a transmitting or receiving system that is
designed to radiate or receive electromagnetic waves” [81]. Thus, an antenna is part of
the wireless communication system acting as a transitional structure between free-space
and a guiding device.
Many individuals, institutions and organisations are involved in the design, manufacture,
measurement and use of antennas for many applications. In all cases, the quality and
performance of an antenna is assessed and evaluated using some parameters such as
return loss, gain, impedance, polarisation, bandwidth, directivity and efficiency. The
following subsections will define some of the most commonly used parameters.
2.5.1 Return Loss
Antenna return loss measures the difference between the input power and the power
reflected from a discontinuity in a transmission circuit. Usually the return loss is ex-
pressed as the ratio in decibels of the power incident on the antenna terminal to the
power reflected from the terminal;
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where RL(dB) is the return loss, Pin is the the incident power, Pref is the reflected
power.
2.5.2 Impedance
An antenna’s impedance is the ratio of the voltage to the current at the input terminals





where Zin is the impedance, V is the voltage and I is the current. The input impedance
is a function of frequency and depends on other factors such as the antenna’s geometry,
its methods of excitation and its proximity to surrounding environments.
2.5.3 Radiation Pattern
One of the important parameters of any antenna is its radiation pattern, defined as "a
mathematical function or a graphical representation of the radiation properties of the
antenna as a function of space coordinates. In most cases, the radiation pattern is deter-
mined in the farfield region and is represented as a function of the directional coordinates.
Radiation properties include power flux density, radiation intensity, field strength, direc-
tivity, phase or polarisation" [31]. For a linearly polarised antenna, its performance is
often described in terms of its principle E-plane and H-plane patterns. Basically, there
are three commonly patterns that are used to describe antennas. Isotropic antennas have
equal radiation in all directions, but this is a hypothetical scenario that will be difficult
to achieve in practice. Antennas with directional radiation patterns radiate or receive
electromagnetic waves more effectively in some directions than others. Finally, antennas
with omni-directional radiation patterns essentially have a non-directional pattern in a
given plane and a directional pattern in any orthogonal plane.
2.5.4 Directivity and Efficiency
Directivity D is defined as the ratio of the radiation intensity U in a given direction from
the antenna to the radiation intensity over that of an isotropic source [6, 31]. In case of
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isotropic source, the radiation intensity Uo is equal to the total radiated power Prad by








Radiation efficiency (erad) on the other hand is the ratio of the total radiated power to






Another useful measure describing the performance of an antenna is the gain G. It is
directly linked with the directivity of antenna, but it takes into account the efficiency
of the antenna as well as the directional properties. It is simply defined as "the ratio
of the intensity, in a given direction, to the radiation intensity that would be obtained
if the power accepted by the antenna were radiated isotropically" [31]. Another useful






G = eradD (2.10)
Thus, the gain of an antenna is equal to its purely directional characteristic of directivity
multiplied by radiation efficiency.
2.6 Summary
This chapter reviews start-of-the-art of body-centric wireless communication. It provides
a review of relevant works already reported in the literature which are of relevance to
this work. We looked at three different spectra i.e. Medical Implantable Communication
Service (MICS) Band 402-405 MHz, Industrial, Scientific and Medical Band (ISM) 2.45
GHz and Ultra-Wideband (UWB) 3.1-10.6 GHz.
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For MICS band, we have proposed two types of PIFAs i.e a spiral PIFA and meandered
circular PIFA for implantable applications. With the identical configuration, we used
mirror image approach to achieve similar results at the operating frequency and combined
with miniaturisation techniques such as using high permittivity substrate, shorting pin
and stacking of the radiators, the proposed antennas are compact in size and volume.
In the ISM band at 2.45 GHz, we have proposed a very simple structure with an easy
mechanism to control its resonant frequency. The proposed structure also show resilient
in the close proximity to human body. For UWB spectrum, we have proposed three
monopoles for on-body and microwave imaging applications. The advantages of the
antennas have been explained in the respective chapters 3 and 4.
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Chapter 3
Q-Slot UWB Monopole Antenna
3.1 Printed Monopole Antennas
As has been discussed in the previous chapter, several types of planar monopoles which
exhibit ultra-wide impedance bandwidth have been proposed for on-body and microwave
imaging applications. Monopole antennas are attractive for body-centric wireless commu-
nication because they are easy to construct and implement from simulation to practical
experiment. Monopole antennas with different basic shapes such as rectangle, square,
circle, ellipse, triangular, rectangular with semicircular bottom and hexagon on ground
plane for practical UWB applications have been proposed[1] (see Fig. 3.1). Printed
monopole antenna can also be viewed as a special case of microstrip antenna configura-
tion with ground plane assume to be at infinity [2]. Usually the radiator is etched on a
substrate, for example, FR4. It can also be assumed that beyond the substrate, there
exist a very thick air with (εr = 1), that make a microstrip antenna configuration with
thick substrate εr closer to unity resulting in high bandwidth.
Figure 3.1: Examples of different basic shapes of printed monopoles: (a)
rectangular, (b) square, (c) triangular, (d) annular ring, (e) circular, (f) elliptical, (g)
rectangular with semicircular bottom, and (h) hexagonal.
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In [3, 4], extensive study of CPW-fed circular disc, microstripline-fed circular disc and
elliptical disc monopoles for UWB application have been demonstrated. The results from
the study show that the overlapping of the closely distributed resonance contribute to
UWB characteristics of the antenna. In a related study, printed-slot monopoles have
been shown as capable of providing ultra-wideband bandwidth [5]. Furthermore, the
demands on antenna for such applications should include acceptable input matching and
stable radiation over a wide band of operation. In addition to these demands, there is
also emphasis on the time-domain characteristics of the antenna, particularly its ability
to maintain a radiated pulse.
In this chapter we present the design and analysis of a printed rectangular monopole
(PRM) UWB antenna with a Q-slot for on-body and microwave imaging applications.
We also discuss the experimental characterisation of the antenna in close proximity to
human body and breast phantom. We also look at other performance indicators of the
antenna including its radiation patterns and time-domain characteristics with emphasis
on fidelity and impulse response.
The proposed antenna was designed to provide optimise wide-band performance and
pulse fidelity in the UWB range of 3.1 GHz to 10.6 GHz. The antenna also exhibits high
immunity and stable radiation pattern in close proximity to the human body. Following
this section will cover the antenna geometry and design process.
3.2 Antenna Geometry
The geometry of the proposed PRMA with Q-slot consists of an Ls×Ws = 36.6 x 39mm2
FR4 substrate with (εr = 3, tan δ = 0.01 and thickness of 1.6 mm). On top of the
substrate is an L×W = 18.3 x 23.8 mm2 rectangular radiator. A thin Q-slot is etched
on the radiator to generate additional resonance in the structure. At the back of the
substrate is a partial rectangular ground plane measuring 36.6 x gr mm2 (see Fig. 3.2).
A 50 Ω coaxial transmission line is used to feed the antenna.
3.2.1 Design Steps and Guidelines
As discussed earlier, printed monopole antenna (PMA) can be thought of as special
case of microstrip antenna with the ground plane considered to be located at infinity
[2]. The design process starts from modifying printed rectangular monopole antenna
(PRMA) with appropriate dimensions for UWB operations. We take into account the
attractive features of PRMA such as wide impedance characteristics, acceptable radiation
performance and ease of fabrication.
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Figure 3.2: Geometry of PRMA with Q-slot: left (top view), right (bottom view).
All dimensions in mm.






(L+ re + pe)
(3.1)
where L (cm) is the length of the planar monopole antenna, which is equivalent to
cylindrical monopole antenna of the same height L, W (cm) is the width of the planar
monopole antenna, re (cm) is effective radius of the equivalent cylindrical monopole an-
tenna which is determined by equating area of the planar (LW) and cylindrical monopole
antennas with the same radius (2pireL) as in (3.2 -3.3), pe is the length of feed gap shown
in Fig. 3.1.





It has been demonstrated that slot antennas can achieve broadband operation and minia-
turisation as have been widely reported in the literature [7, 8]. For example, U-slots have
been employed to achieve broadband operation in [9–11]. In this study, we have employed
a Q-slot to achieve UWB operation and good impedance stability over the spectrum. We
will carefully examine the effect of the Q-slot in the next section.
Following this analysis, we modelled the printed rectangular monopole antenna (PRMA)
in CST Microwave Studio without Q-slot using the aforementioned dimensions. The
next step involves plotting surface current distributions and contours at representative
frequencies at 3.5 GHz, 6.5 GHz and 9 GHz close to resonance (See Fig. 3.3). We observed
that the surface current density of the radiator was relatively weak at the central part of
the structure for all the frequencies considered. Therefore, we carefully etched Q-slot at
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the centre of the radiator to enhance impedance matching while generating additional
resonance and UWB operation. We optimised the parameters using a Trust Region
Framework (TRF) algorithm within CST Microwave Studio to achieve the final design.
At this point we compared the S11 of the PRMA with and without Q-slot as shown in
Fig. 3.4.
Figure 3.3: Surface current densities (a-c) without Q-slot (d-f) with Q-slot.
.


















Figure 3.4: Simulated return loss for PRMA with and without Q-slot. The
introduction of the Q-slot achieves a broader bandwidth and covers the whole UWB
operation spectrum
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Table 3.1: Summary and dimensions of the parameters of PRMA with Q-slot
Parameter Description Optimised value
L radiator length 18.3 mm
W radiator width 23.8 mm
c speed of light 3× 108 m/s
fo fundamental frequency 3.1 GHz
re effective radius of equivalent cylindrical monopole antenna 3.0 mm
pe feeding gap 1.2 mm
h substrate height 1.6 mm
s slot width 1.0 mm
t q-descender 6.0 mm
p feeding position 6.7 mm
gr ground length 6.3 mm
r outer radius of the Q-slot 6.0 mm
3.2.2 Parametric Study
For the parametric study, all parameters are fixed to those of Table 3.1 except for the
variable. To gain further insight into the performance of the proposed PRMA, we ex-
amined the physical meaning and the effect of the introduction of Q-slot in terms of
directivity, efficiency, return loss, impedance matching, and gain. We studied the effects
of the following parameters with reference to Fig. 3.2: slot width s, feeding position p,
outer radius of the slot r, Q-descender t and ground plane length gr.
Firstly, our approach in this study is to compare the PRMA with and without Q-slot in
terms of directivity, efficiency, return loss, impedance matching, and gain. The simulated
3D directivity of the two structures close to resonances are illustrated in Fig. 3.5. At
all the sampled frequencies, there is slight increase in directivity of PRMA with Q-slot
as compared to PRMA without slot. This could be attributed to an improved omni-
directionality at high frequencies or improved directivity as a result of introduction of
Q-slot, a true reflection shown on other indicator metrics tabulated in Table 3.2 for easy
comparison.
The next step in our approach in this study is to examine the effect of Q-slot parameters
(s,p,r,t,gr) on antenna gain and return loss. For parametric study, with the exception of
the variable all other parameters are fixed to the optimal values in Table 3.1. Fig. 3.6
show the effect of changing these parameters on antenna gain. The results show that the
gain varies approximately from 2 to 4 dBi at the lower end of the band, and from 6.0
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Figure 3.5: Simulated 3D directivity at 3.5 GHz, 6.5 GHz and 9.0 GHz: (a-c)
PRMA with Q-slot and (d-f) PRMA without Q-slot.
Table 3.2: Comparison of characteristics of PRMA with and without Q-slot
PRMA
Parameter With Q-slot Without Q-slot
Frequency[GHz] 3.5 6.5 9.0 3.5 6.5 9.0
Directivity[dBi] 5.06 5.03 6.15 2.11 4.16 5.96
Radiation eff.[%] 98.40 99.60 98.68 95.60 96.87 97.30
Total eff.[%] 98.30 99.45 99.56 94.8 96.10 96.70
Realised gain[dB] 4.33 4.90 6.0 -0.03 3.90 5.61
to 7.5 dBi at the upper end, a trend that supports the pattern observed in the antenna
directivity. On the other hand, Fig. 3.6 (b) suggests that the gain varies considerably
with changes in the ground plane length gr. For instance, for gr = 40 mm (corresponding
to a full ground plane) the gain is maximised to 6.7 dBi for the lower frequencies, and
7.6 dBi for the higher portion of the spectrum. However, for a full ground plane, the
proposed PRMA becomes a typical microstrip patch antenna (MSA) with most of the
signals reflected in one direction, therefore, the proposed antenna no longer behaves as
a printed monopole with poor return loss and input matching which does not meet -10
dB UWB bandwidth of 3.1 GHz - 10.6 GHz (see Fig. 3.7 (b)). For the feeding position
p, we identified two optimal positions i.e 6.7 mm and 0 mm (edge of the radiator). We
noticed that by optimising the feeding position, p, from the centre of the radiator, there
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is excitation of additional modes resulting in wider bandwidth [2]. However, at -10 dB
bandwidth p = 6.7 mm provides a wider band from 3.1 GHz - 11.7 GHz whiles p = 0
mm covers 4.3 GHz - 10.4 GHz.
























p = 0 mm (edge)
p = 4.4 mm
p = 2.2 mm
p = 6.7 mm
(a)
























gr = 12.3 mm
gr = 6.3 mm
gr = 18.3 mm
gr = 40 mm
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r = 3 mm
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r = 7 mm
r = 8 mm
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t = 6 mm
t = 3 mm
t = 8 mm
(d)























s = 1 mm
s = 1.5 mm
s = 2 mm
s = 2.5 mm
(e)
Figure 3.6: Effect of design parameters p, gr, r, t and s on antenna gain with the
optimised parameters (red dotted line) by changing one parameter at a time.
Changing with respect to (a) feeding positions p, (b) ground length gr, (c) slot radius
r, (d) Q-descender t, (e) slot width s.
We also examined the effect of Q-slot parameters on antenna return loss. With refer-
ence to Fig. 3.7, optimising the antenna parameters can result in a return loss below
-10dB with good matching characteristics and VSWR < 2 from 3.1 GHz to 11.7 GHz.
The return loss plots suggest that all parameters have significant effect on the antenna
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p = 0 mm or at the edge
p = 2.2 mm
p = 4.4 mm
p = 6.7 mm
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gr = 12.3 mm
gr = 18.3 mm
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r = 7 mm
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t = 3 mm
t = 6 mm
t = 8 mm
(d)



















s = 1 mm
s = 1.5 mm
s = 2 mm
s = 2.5 mm
(e)
Figure 3.7: Effect of design parameters p, gr, r, t and s on antenna S11 with the
optimised parameters (red line) by changing one parameter at a time. Changing
with respect to (a) feeding positions p, (b) ground length gr, (c) slot radius r, (d)
Q-descender t, (e) slot width s.
resonance behaviour. Feeding positions p at 6.7 mm or at the edge (0 mm) result in a
return loss under -10 dB for the UWB spectrum of 3.1-10.6 GHz, while all other positions
result in values exceeding -10 dB for a portion of the spectrum. With regards to the
ground plane length gr, a satisfactory UWB range is only achieved at 6.3 mm. Finally,
changes in the Q-slot parameters r, s and t do not affect the -10 dB requirement severely,
but they have strong impact on the antenna input impedance and resonant frequencies.
After careful analysis of the effect of these parameters on the antenna performance, we
finalised the antenna design based on the optimised dimensions shown in Table 3.1.
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3.3 Simulated and Measured Performance
3.3.1 Simulated and Measured Return Loss in Free Space
Fig. 3.8 shows the prototype of PRMA with Q-slot and the measurement setup. The
antenna was experimentally characterised by a Keysight M9375A vector network analyser
(VNA). The antenna was simulated between 2 GHz-12 GHz, as this was the initial UWB
spectrum of interest. However, our measurements showed that the antenna return loss
is under -10 dB for frequencies up to 20 GHz.
As shown in Fig. 3.9 (a), there is a very good agreement between the simulated and
measured results across the whole UWB spectrum. Fig. 3.9 (b) demonstrates that the
measured return loss is below -10 dB for up 20 GHz.
Figure 3.8: Fabricated prototype of PRMA with Q-slot and free space measurement
setup
Figure 3.9: (a) Free space simulated and measured S11 of PRMA with Q-slot up to
12 GHz. (b) Free space measured S11 of PRMA with Q-slot up to 20 GHz.
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3.3.2 Simulated Return Loss on Body
To study the antenna performance for on-body applications, we considered a three-layer
phantom composed of wet skin (εr = 41.982, σ = 2.0168), fat (εr = 5.2138, σ = 0.13497)
and muscle (εr = 51.936, σ = 2.2216) calculated at the lower-edge of UWB spectrum
3.1 GHz [12]. We take into account that this is only an approximate tissue model, since
the tissue properties are not constant across the whole frequency range. The dimensions
of the phantom (50 mm x 50 mm x 400 mm) are equivalent to a human arm model
considered in [13, 14] as shown in Fig. 3.10 (a). Using this model, we calculated the
antenna return loss when placed on or very close to the human body. The separation
gap between the antenna and the phantom was varied between 3 mm to 15 mm, and the
calculated return loss for the various positions is plotted in Fig. 3.10(b). The results show
that the proposed antenna maintains reasonable performance in close proximity to the
tissue which suggest that this antenna could be very candidate for on-body applications.
Figure 3.10: Simulated on-body performance of the proposed antenna (a) Antenna
and three-layer phantom model for on-body simulations (b) Corresponding calculated
return loss for various values of the gap between the antenna and the phantom.
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3.3.3 Measured Results for On-body Performance
For on-body measurements we attached the antenna parallel onto the chest of a male
human volunteer ( age = 35 years, weight = 81 kg, height = 172 cm, BMI = 27) in
standing position. We took the measurements by varying the distance from the chest
from 3 to 15 mm as shown in Fig. 3.11(a). In addition to the chest measurements we
carried out direct on-body measurements on different parts of the body such as arm and
wrist (Fig. 3.11(b-d)). The results from these measurements are plotted in Fig. 3.12(a),
where it is shown that the antenna maintains its UWB operation in the presence of the
human body. Moreover, the measured on-body data for different body parts plotted in
Fig. 3.12(b) confirms the antenna’s UWB operation from 3.1 GHz to 20 GHz.
(a) Human chest with
clothes on
(b) Human arm (c) Human wrist (d) Human chest with-
out clothes
Figure 3.11: Photographs of the measurements when the antenna was placed on
different parts of the body
Figure 3.12: (a) Measured S11 when the antenna was placed on human subject with
varied gap (b) Direct on-body measured S11 (up to 20 GHz) on different parts of the
body.
Chapter 3. Q-slot UWB Monopole Antenna 39
3.3.4 Radiation patterns
The antenna radiation pattern in the azimuth plane and elevation plane were evaluated
both in free space and on-body at representative frequencies 3.1 GHz, 6.5 GHz and
9 GHz. Fig. 3.13 shows the on-body simulated and measured azimuthal and elevation
plane radiation pattern at the aforementioned frequency points. At lower frequencies, the
radiation pattern in azimuth plane plane is more directive while at higher frequencies
(e.g. 9 GHz), the pattern is quasi-omnidirectional. Both the simulated and on-body
measurement agree at the selected frequencies. In the elevation plane plane, the radiation
pattern at the selected frequencies are more or less omnidirectional. There is also a good



































































































Figure 3.13: Measured and Simulated radiation patterns (blue dotted line free
space simulated ), (red solid line on-body measurement) at 3.1 GHz, 6.5 GHz
and 9 GHz. (a-c) azimuth plane, (d-f) elevation plane. The antenna was placed
on-body and 3 mm away from the human chest
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3.3.5 Operation in the Presence of a Breast Phantom
We also performed measurements to evaluate the antenna performance on a breast tissue
mimicking phantom, shown in Fig. 3.14. The breast phantom was prepared from the
materials listed on Table 3.3 showing the percentages by weight of all the components
[15]. The hemispherical breast phantom had a diameter of 14 cm and a depth of 10
cm (see Fig. 3.14). The measured permittivity and conductivity of the breast phantom
across the UWB spectrum is shown in Fig. 3.14. The return loss of the antenna on
the breast phantom is shown in Fig. 3.15, which shows that the antenna once again
maintains its UWB operation across the range from 2-10 GHz.
Table 3.3: Composition of tissue-mimicking materials. Abbreviations: v: volume, w:
weight, A: p-toluic acid, B: n-propanol, C: gelatin, D: formaldehyde, E: oil, F:
surfactant, G: water
v% oil w%A w%B w % C w% D w% E w % F w % G
50 0.045 1.81 7.69 0.18 44.42 2.89 42.96
























Figure 3.14: Photo of the homogeneous breast phantom and the corresponding
dielectric propoerties
In addition to breast phantom measurements, we also performed measurements using
matching liquid made up of 90% glycerine and 10% water. We measured the properties
of the liquid in the UWB spectrum with measurement set-up shown in Fig. 3.16(a)
and Fig 3.16(b) shows the measured liquid properties . For the measurements, the
antennas were initially placed outside the tank containing the matching liquid as shown
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Direct on phantom (Measured)
5 mm from the phantom (Measured)
10 mm from the phantom (Measured) 
15 mm from the phantom (measured)
Figure 3.15: Measured return loss of the antenna in the presence of the breast
mimicking phantom
in Fig.3.171 with the distance between the antennas in the measurement set up was 15
cm. We observed the response and the results show that the antenna performance is
consistent with simulated results.
We also fully immersed the antenna in the matching liquid and once again the antenna
shows consistent results. Fig. 3.18(a) shows the measured reflection coefficient of the
antenna in presence of matching liquids. Fig. 3.18(b) shows the transmission from
antenna 1 to antenna 2 when the antennas were mounted on the liquid tank. When the
antennas were fully immersed in the matching liquid, the transmission was weaker than
in free space, this is due to the lossy nature of the liquid. We summarise the performance
of the printed Q-slot antenna in Table 3.4.
(a) Measurement set up









(b) Properties of the liquid
Figure 3.16: Photo of the liquid phantom measurement set-up and plot of its
dielectric properties. The liquid is made up of 90% glycerol and 10% water.
1 Kind Courtesy of MediWise UK Ltd
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Figure 3.17: Measurement set-up for the antenna with the matching liquid. The
antennas were placed outside the tank at 15 cm distance between them.




























(a) Measured reflection coefficient



















Figure 3.18: (a) Measured return loss of the antenna in the presence of the liquid
phantom (b) Measured transmission coefficient of the antenna in the presence of the
liquid phantom.
Table 3.4: Performance of Q-slot monopole in free space and on the body
Paramter Free Space On-body (Phantom)
Resonance Frequency (GHz) Simulated 3.8Measured 3.8
Simulated 4.45
Measured 4.20




Simulated 3.8 @ 3.1 GHz
4.2 @ 6.5 GHz
6.4 @ 9.0 GHz
Measured 3.5 @ 3.1 GHz
Simulated -8.2 @ 3.1 GHz
-6.4 @ 6.5 GHz
-2.5 @ 9.0 GHz
Measured -9.3 @ 3.1 GHz
Total efficiency (%) 98 at 9.0 GHz 52 at 9.0 GHz
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3.4 Time-Domain Characteristics
The performance of UWB antennas rely on the quality and the shape of the received
signals relative to a source signal. By post processing the scattered signals and compare it
against a source signal, the system could be used to characterise an object. Therefore, it
is important to quantify the level of distortion of the radiated signals in the time-domain.
In this section, we quantify the time-domain performance of the proposed UWB antenna
by analysing its impulse response and pulse fidelity.
3.4.1 Review of Gaussian Pulse Signals
Gaussian pulse is one of the commonest signals used to excite UWB antennas due to
their unique properties in terms of time domain and frequency spectrum performance.
A Gaussian pulse signal is mathematically described as (3.4):






where b is the pulse width, d is the pulse shift and t is time duration.
Fig. 3.19 shows the time-domain representation of a Gaussian pulse with b = 100 ps.
The corresponding power spectral density is also shown in Fig. 3.20, which shows that
basic Gaussian pulse will not fit the power spectral density mask set by the FCC for
UWB antennas.
Time (ns)

















Figure 3.19: Time-domain representation of a Gaussian pulse
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b = 80 ps
b = 100 ps
b = 450 ps
Figure 3.20: Frequency-domain representation of a Gaussian pulse with different
pulse widths
To reduce high values in the power spectrum, Gaussian pulse derivatives are commonly
used. Here we investigate Gaussian pulse derivatives with different pulse widths in com-
pliance with FCC regulations. Equations (3.5-3.6) represent Gaussian first and second
derivatives. We plotted the pulse with different widths as shown in Fig. 3.21 with the
corresponding power spectral density shown in Fig. 3.22, which shows that the first and
second derivatives of Gaussian pulses do not satisfy the FCC mask. The power spectral
density of the pulses do not cover the entire FCC mask more especially from 0.96 GHz
to 1.61 GHz. Other studies [16, 17], have shown that higher order Gaussian derivatives
satisfy FCC regulations, however, more noise and distortion are introduced with more
filters. For this reason, we will not investigate high order Gaussian derivatives but will


























In order to comply with FCC emission limit on UWB antennas, the baseband Gaussian











where b is the pulse width, t is the time length, d is the time delay and fc is the modulated
frequency.
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Gaussian pulse, b= 85 ps
First  order, b= 100 ps
Second order, b= 500 ps
Figure 3.21: Gaussian pulse derivatives with different pulse width

















Gaussian pulse, b= 85 ps
 First derivative, b = 100 ps
Second derivative, b = 500 ps
Figure 3.22: Frequency domain representation of Gaussian pulse derivatives
We modulated the input signal at the following frequencies 4.5 GHz and 6.5 GHz with
b = 220 ps and d = 180 ps. Fig. 3.23 shows the modulated Gaussian pulse and its
corresponding power spectral density (PSD) with the FCC emission mask is shown in
Fig. 3.24. The PSD of the modulated signal matches well with the FCC regulation.
With this method the baseband Gaussian pulse fits the operating centre frequency with
the option of adjusting the signal bandwidth.
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Modulated at 4.5 GHz
Modulated at 6.5 GHz
Figure 3.23: Sine-modulated Gaussian pulse at 4.5 GHz and 6.5 GHz
















Modulated at 4.5 GHz
Modulated at 6.5 GHz
Figure 3.24: Power spectral density of the modulated Gaussian pulse at 4.5 GHz and
6.5 GHz
3.4.2 Antenna Pulse Fidelity
In UWB system the pulse emitted by the transmitting antenna is exposed to distortion
that affect the quality of the signal receive by the receiving antenna. In analysing the
spatial capacity of UWB systems, a measure frequently used to analyse the degree of
similarity between the original pulse and the received pulse in the time domain is the
fidelity. For a UWB antenna, fidelity is a figure of merit use to access the quality of
the design and its ability to maintain pulse shape. From a systems point of view, UWB
antenna systems should transmit and receive high-quality signals for high signal-to-noise
ratio (SNR) at a receiver. In practice, signal fidelity is calculated for a given direction
in space in order to fully characterise the spatial radiation properties of an antenna.
According to [18], an antenna fidelity is defined as the cross-correlation of input signal
and the received signal that have been normalised by their energy. Thus, the fidelity
corresponds to the peak cross-correlation of the excitation signal and the output signal.
This allows us to compare the shape of the pulses independently of their amplitude. It
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also enables us to address the characteristics of transmit and receive antennas, as well
as antenna system response.
The fidelity F is expressed mathematically as:












For the antenna fidelity calculation, we used CST field probes that were placed at the
far-field of the transmitting antenna to receive the radiated signals. Fig. ?? shows the
input and received signals of the proposed antenna. The signals were cross-correlated
using CST Microwave Studio and the result is shown in Fig. ??. We investigated the
antenna fidelity in three different directions i.e (θ = 0◦, φ = 0◦), (θ = 0◦, φ = 90◦), and
(θ = 90◦, φ = 90◦). The peak value or maximum correlation represents the fidelity of
the antenna. As has been shown in Fig. 3.25, the antenna fidelity ranges from 0.6588 to
0.9531, thus 65.88% to 95.31% which is within the acceptable range of 90% and above
for UWB antennas [19].






















(a) Input and output signal
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Max. correlation/Fidelity
(b) Cross-correlation of input and output signals
Figure 3.25: (a) Input and output signal. (b) The signals were cross-correlated to
show the peak value representing the antenna fidelity in three different directions.
3.4.3 Antenna Impulse response
In radio channel propagations, the system can be represented in three stages or blocks
as shown in Fig. 3.26 [20], the transmitting antenna (Tx) , the radio channel (CH), and
the receiving antenna (Rx). The impulse response of an antenna can be derived from
the transfer function H(f) by using an Inverse Fast Fourier Transform (IFFT) [21]. The
results can easily be deduced from the measurements.
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The transfer function for Tx and the channel CH relate the input voltage to the electric
far-field in the desired direction as expressed in equation (3.9):
Figure 3.26: A simple block diagram of UWB communication link [20]




where Eˆ(f) and VTx are the Fourier transform of the electric field and input voltage
respectively.





The relationship between the input voltage to Tx and the received voltage at the receiver
Rx can be calculated as equation (3.11).




Using Inverse Fast Fourier Transform (IFFT), the impulse response h[n] is calculated
from the real part of equation (3.11) as;
h[n] = Re{IFFT [H(f)]} (3.12)
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3.4.4 Simulated Impulse Response of the PRMA with Q-slot
In order to characterise the transient performance of the antenna, spatially metrics such
as impulse response can be used as optimisation goal to quantify the time-domain re-
sponse. The free space channel between two identical antennas were set face-to-face with
a separation distance of 50 cm, which is about five times the wavelength at the lowest
frequency ( 3 GHz), the most appropriate setting for WBAN applications [22].
Two Q-slot antennas were put face-to-face to do the impulse response analysis as shown
in Fig. 3.27. The antennas were simulated in CST Microwave Studio. Different separa-
tion distances d between the antennas were taken into consideration. We evaluated the
amplitude and phase of the transmission coefficients S21 as shown in Fig. 3.28. As has
been shown, both the amplitude and phase have smooth and linear features implying
that transmitted signal has less distortion across the operating spectrum.
Figure 3.27: Two PRMA with Q-slot in face-to-face alignment for impulse response
simulation

















d = 100 cm
d = 50 cm
d = 60 cm
d = 70 cm
d = 80 cm
d = 90 cm
(a) Amplitude of the transmission coefficient (S21 )
of the PRMA with Q-slot in face-to-face orientation



















d = 50 cm
d = 60 cm
d = 70cm
d = 80 cm
d = 90 cm
d = 100 cm
(b) The unwrap phase of S21
Figure 3.28: The impulse response of the antenna showing (a) S21, and (b) unwrap
phase
Chapter 3. Q-slot UWB Monopole Antenna 50
3.4.5 Measured Impulse Response of PRMA with Q-Sslot
There are two different techniques that can be used to measure the impulse response,
direct time measurement using fast sampling and oscilloscope, and frequency domain
measurement using network analyser. For this measurement, we used the latter approach,
frequency domain and network analyser.
In the measurement, we attached two PRMA with Q-slot to port 1 and port 2 of Keysight
M9375A Vector Network Analyser (VNA) with a separation distance of at least 50 cm
between the antennas. The network analyser was swept in the desired frequency range of
3-12 GHz with sampling rate at 1700 and sweep time of 800 ms. We store the magnitude
of the transmitter Tx and the receiver Rx. We measured the response of two antennas
by aligning them face-to-face at a separation distance of 50 cm to confirm the simulated
results. Also to access and evaluate the impulse response and fidelity in different direc-
tions, we performed other measurements by aligning the antennas in different orientations
keeping the same distance of 50 cm between them (See Fig. 3.29). The antenna perfor-
mance was evaluated by comparing the simulated and measured transmission coefficient
(S21) when the antennas were oriented face-to-face with 50 cm distance between them,
the result has been shown in Fig. 3.30. As has been shown there is a good agreement
between the S21 with an isolation of at least -20dB.
We post processed the fidelity from the measured results using MatLab software package.
The fidelity of the system impulse response were calculated in different orientations
according to the measurements. In side-by-side orientation the fidelity was 95.1%, and
when the antennas were face-to-face it was 97.6%. In all cases, the results show that the
antenna exhibits high fidelity in different orientations.
Figure 3.29: Transfer function set up with two identical antennas with a separation
distance of 50 cm between them and different orientations
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Measured  d = 50 cm
Simulated d = 50 cm
Figure 3.30: Simulated and measured transmission coefficient of two PRMA with
Q-slot in face-to-face orientation with a separation distance of 50 cm between them
3.5 Summary
In this chapter, we looked at the on-body performance of PRMA with Q-slot by using
real human as a test subject. Experimental investigation was made by taking on-body
measurements on the chest of the human subject. We also measured the performance of
the antenna on different parts of the body. The results demonstrate the resilient of the
antenna in presence of human body. The Q-slot on the radiator generated overlapping
and closely spaced resonances that account for UWB characteristics and resilience to
body detuning. We also tested the antenna in the presence of breast phantom and
matching liquid. The results once again demonstrate the resilient of the antenna in these
environments, which suggest that the PRMA with Q-slot could be a good candidate for
microwave imaging applications.
We evaluated the time-domain characteristics of the proposed antenna. The PRMA
with Q-slot was designed to radiate less distortion signals by optimising the slot param-
eters together with the ground plane to provide smooth signal transition and impedance
matching network across the spectrum. It has been shown that by using modulated
Gaussian signal, the Q-slot antenna satisfies the entire spectrum of UWB as defined
by FCC. Furthermore, the chapter also demonstrated that a system composed of two
identical PRMA with Q-slot can achieve a fidelity factor of 95% on average.
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Chapter 4
Spline Curve UWB Monopoles for
Microwave Imaging
As has been discussed in chapter 2, section 2.4.1, different kinds of antennas such as
monopoles, bow-tie, slot, patch antennas and vivaldi antennas have been proposed for
microwave imaging [1–4]. Although some of these antennas have excellent performance
they are seldom used in portable devices because of bulky size and unconformity. Planar
monopoles are becoming alternative choice for many applications, and as many electronic
devices and components become smaller, a large emphasis in the last few years has been
placed toward electrically small antennas, including printed board designs such as UWB
monopoles.
One of the main objectives of this study is the design of wideband, low profile and small
antennas for microwave imaging applications. Our design approach was to select a printed
monopole antenna that can meet most of our physical requirements and then design in
the environment to meet our UWB features for microwave imaging applications. In
order to meet the specification that the antenna be small, the proposed structure should
be efficiently utilise the available space taking into account the fundamental limits on
electrically small antenna.
In this chapter, we present two compact UWB monopoles using spline curves. By using
spline curves a number of control points can be assigned to manipulate the shape of
parametric curves, and as has been pointed out " the bandwidth of an antenna enclosed
in a sphere of radius r can be improved only if the antenna utilises efficiently, with its
geometrical configuration, the available volume within the sphere " [5]. Furthermore,
our choice of spline curve printed monopole is motivated by earlier study [6] that shows
efficient surface area utilisation with good impedance match and wider bandwidth.
4.1 UWB Antenna Miniaturisation
To miniaturise any antenna, one has to consider the physical limitations imposed on
electrically small antenna, thus an antenna whose electrical size or volume is defined by
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kr [5, 7], where k is the free space wave number and equal to 2piλ and r is the radius of
an imaginary sphere surrounding the maximum dimension of the antenna.
The fundamental limits of electrically small antennas were first studied by Chu [8] and
followed by Harrington [9]. Chu used spherical wave function to describe the field dis-
tribution which propagates in the outward radial direction. The study by Chu [8], also
confirmed that the source or current distribution of the antenna system inside the sphere
is not uniquely determined by the field distribution outside the sphere. When the sphere
which encloses the antenna element becomes very small, the quality factor Q becomes
large.
From [10, 11], it has been shown that when kr < 1, the quality factor Q of small antenna





where erad is the radiation efficiency of the antenna. Fractional bandwidth (FBW) is








where ∆f = bandwidth and fo= centre frequency.
It follows that by increasing the Q as in (4.1) has a direct consequence on the FBW
of electrically small antenna as in (4.2). The opposite is also true, so to optimise the
FBW of small antenna the size of the antenna and the quality factor must be taken into
account.
UWB monopoles are known to operate in resonating mode at lower frequencies and
travelling wave mode at higher frequencies. The smooth transition from resonating
mode to travelling mode is achieved through overlapping of resonating harmonics and
optimising feeding position and ground plane [12]. The two antennas designed in this
chapter have been assessed for possible microwave imaging application. These antennas
are very good candidates for such applications due to their UWB characteristics and
very small size.
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4.2 Coplanar Waveguide (CPW) UWB Antenna
Most UWB antennas that have been reported in the literature used canonical geometries
[13, 14]. However, these antennas have limitations in utilising the available surface area.
For small antennas, the physical limitations imposed on them [8] make it imperative
to efficiently maximise the available surface area. Spline-based geometries have been
implemented into planar antennas to provide UWB operations [6]. In this study, our
approach is to use spline curves to design planar monopoles for UWB operations.
The proposed CPW UWB antenna was designed to operate in the lower frequency range
of UWB spectrum. The geometry of the proposed CPW UWB antenna is shown in
Fig.4.1. The geometry consists of 25 x 16 mm2 FR4 substrate with εr = 4.6 and thickness
1.57 mm. On top of the substrate is the spear-shaped radiator modelled from spline
curves where the optimised curve profiles ZA = 7.348 mm and ZB = 9.284 mm were
designed according to the exponential taper equation (4.3) [15]:
z = AeaL (4.3)
where A = 0.5, the scaling factor, −4.5 ≤ a ≤ 2.5, the exponential rate and L = ±2, the








The shape of the radiator is designed to maximise the surface area bearing in mind the
limitations imposed on small antennas. The design also controls the surface wave currents
that normally affect the antenna performance as the surface wave on the radiator decay
exponentially and travel within the substrate at a relatively short distance and begin to
radiate because of the discontinuity between the two media. On the same side of the
radiator is coplanar waveguide (CPW) where all the conductors lie on the same plane .
The optimised dimensions were obtained after several iterations as have been shown in
Fig. 4.1.
4.2.1 Parametric Studies of Coplanar UWB Antennna
The simulation results show that the antenna performance is dependent on two param-
eters. We studied the combinations of the structure parameters which include; ground
plane length gl and the bend at the corners of the ground plane (Refer to Fig. 4.1).
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Figure 4.1: Geometry of the optimal Coplanar UWB antenna: left (top view), right
(bottom view)
(i) Effect of ground length gl
Fig. 4.2 depicts the simulated return loss curves for different values of gl with
optimal values of other parameters fixed at g= 0.2 mm, bend = 1 mm.
It can be seen in Fig. 4.2 that the resonant frequencies shift slightly upwards with
the increase of the ground length gl. The return loss also increases with similar
pattern, however, the antenna is better matched at gl = 9 mm. The antenna is
very sensitive with respects to the changing of gl, for example at gl = 10 mm, the
return loss was just below -10dB but the matching was different from the optimal
value gl = 9 mm.


















Figure 4.2: Simulated return loss curves of the effect of design parameter gl
on CPW UWB antenna with optimal values; g = 0.2 mm, bend = 1 mm
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(ii) Effect of cpw bend
The corners of the cpw ground plane close to the central conductor were bent to
enhance the input impedance and matching. The effect of the bend on the antenna
with other optimal parameters fixed at g = 0.2 mm, gl = 9 mm is shown in Fig.4.3.
It can be seen from Fig. 4.3 that between the values bend = 1 mm - 2.67 mm
better matching and input impedance results were achieved. The return loss began
to deteriorate when the curve was bent at 3.5 mm. The bend has little effect on
the resonant frequency, but it affects the impedance matching when it increases
especially from 3.5 mm onwards.


















Figure 4.3: Simulated return loss curves of the effect of design parameter
bend on CPW UWB antenna with optimal values, g = 0.213 mm, gl = 9 mm
4.2.2 Results of CPW UWB antenna
Fig. 4.4 shows the prototype of the proposed CPW UWB antenna. We evaluated the
performance of the antenna in free space with optimal parameters shown in Fig. 4.5.
The results in Fig. 4.5 show that the antenna operate in the lower UWB spectrum from
3.30GHz- 6.20GHz at -10dB with deep resonance at 3.77GHz and 5.94GHz. There is
good agreement between the simulated and measured results.
The antenna also provides excellent impedance, radiation patterns and gain within the
spectrum. The radiation patterns in azimuthal plane and elevation plane were evaluated
in free space at the following frequencies 3.5 GHz, 4.5 GHz and 6GHz. Fig. 4.6(a)
shows that in the azimuthal plane, the lower frequencies exhibit omnidirectional pattern,
however, at higher frequencies (e.g 6 GHz) the pattern is directive. In the elevation
plane, Fig. 4.6(b), the lower frequencies show dipole-like pattern (doughnut shape) with
the nulls at 90◦ and 270◦, the higher frequencies show quasi-omnidirectional pattern.
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Figure 4.4: Prototype of CPW UWB Antenna (left) top view, and (right) bottom
view.



























Figure 4.5: Simulated and Measured S11 of CPW UWB antenna .
The realised gain is between 1.85dB to 4.8dB from 3.3-6.2 GHz and the efficiency ranges
from 63% to 98% within the interested range as shown in (See Fig.4.7 (a) and (b))
respectively. The VSWR < 2 within the operational bandwidth.














































Figure 4.6: Free space radiation pattern of CPW UWB antenna at 3.5 GHz, 4.5
GHz and 6 GHz (a) azimuthal plane, (b) elevation plane.


















(a) Realised gain of CPW UWB antenna


















(b) Efficiency of CPW UWB antenna











(c) Voltage standing wave ratio of CPW UWB an-
tenna
Figure 4.7: Simulated Parameters (a) Realised gain (b) Efficiency ( c) VSWR of
CPW UWB antenna
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4.2.3 CPW UWB Antenna Performance in Coupling Medium
As the proposed antenna is intended for microwave imaging, we studied the response of
the CPW UWB antenna in coupling medium usually used to reduce the adverse effects
of signal reflections at the antenna-air-breast interface. Previous studies reported in
the literature show that without coupling medium most of the signal source would be
reflected at the air-skin interface [16, 17]. In this study, a coupling medium which is a
mixture of 90% glycerin and 10% water was chosen. An array of four antenna elements
were fully immersed in a cylindrical tank (measuring 8 cm in radius and 15 cm in height)
containing the coupling liquid as shown in Fig. 4.8. The distance between the antenna
elements were set at 14 cm which is similar to the spacing expected in a clinical system.
First we evaluate the signal strength between the antennas in the coupling medium with
the results shown in Fig. 4.9. The results show that there is minimal coupling of -30 dB
between the antennas. We also had to evaluate the signals transmitted from transmitter
(Tx) to the receivers (Rx) by varying the relative positions between the antennas with
respect to the height of the container. We record the signals strengths at each of the
locations of the receivers between the frequency spectrum 1.5 GHz to 4.0 GHz. We
processed the results as a function of signal strengths to the relative positions of the
receivers as shown in Fig. 4.10.
Figure 4.8: Simulation setup for CPW UWB antenna fully immersed in a coupling
liquid made up of 90% glycerin and 10% water. The distance between the antenna
elements was set at 14 cm.
The signals received by all the receivers (Rx 2, Rx 3, Rx 4) at the following frequen-
cies 3.5 GHz to 4.0 GHz were very low, however, it is also important to emphasise
that the low signal levels are mainly due to the choice of a very lossy coupling medium
(glycerin/water), which is motivated by the need to minimise multi-path signals in mi-
crowave tomography. For radar-based systems, low-loss liquids are used and therefore
the proposed antennas would produce much higher signal levels. At this stage no imaging
algorithm has been used to processed the outcome, as the focus of this study is to propose
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Figure 4.10: Signal strengths from Tx to Rx. The positions of the antennas were
adjusted relative to the height of the container
small and conformal antenna for microwave imaging. However, the results presented in
this study could serve as a basis for using this antenna for future microwave imaging
with appropriate imaging algorithms.
4.2.4 Measurement Set-up for CPW UWB Antenna Imaging Array
It is necessary to perform some measurements to verify the experimental model. To do
so we performed a simple test using four CPW UWB antenna array. The set-up is a
plexiglass of approximately (14 cm x 14 cm x 15 cm) with properties closed to those
used in the simulation. The plexiglass contains the matching liquid made up of 90%
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glycerol and 10% water (See Fig. 4.11)1. Although we acknowledge the fact that it
is practically impossible to eliminate interference from the environment, we covered the
set-up with absorbers to minimise the effect. We mounted the antennas on the glass with
configuration such that the positions of each antenna is 90◦ to the adjacent antenna while
those opposite were 180◦.. The transmitter transmits the signals while the rest of the
antennas remain in the receiving mode. We look at the scattered signals detected by the
receiving antennas in the array as a results of introduction of the cylindrical scatterers
(3 mm in radius and height 3cm).
In this study we looked at the sensitivity towards the locations of randomly placed
tumors (in this case the scatterers). We tested the CPW antenna array with scatterers
at different locations with the antennas being kept at high or low locations in line with
base of the immersion. The frequency of operation is determined to be 3-4 GHz in this
study. The dynamic range in this case was assumed to be -70dB and set to the average
received signal at 3 GHz.
The measured scattering parameters have been shown in Fig. 4.12. As has been observed
the average scattered signal from the transmitter to all the receiving antennas is around
-40 dB across the frequency range 2 GHz - 4 GHz, which shows the sensitivity of the
imaging system to the small objects (scatterers). It shows that the set-up can detect the
presence of the 6mm scatterer.
Figure 4.11: CPW UWB imaging measurement set-up. (a) Set-up without
scatterers and absorbing units, (b) Set-up with scatterers and absorbing units. The
distance between the antenna elements was 14 cm. The antennas were placed at
different positions labelled as top and bottom in the figure.
1Kind Courtesy of MediWise UK Ltd
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S11 CPW 90% Glycerol high
S11 CPW 90% Glycerol low
S11 CPW with empty tank
S11 CPW with water low
S11 CPW with water high
(a) S11

















S21 CPW 90% Glycerol high
S21 CPW 90% Glycerol low
S21 CPW with empty tank
S21 CPW with water low
S21 CPW with water high
(b) S21

















S31 CPW 90% Glycerol high
S31 CPW 90% Glycerol low
S31 CPW with empty tank
S31 CPW with water low
S31 CPW with water high
(c) S31
















S41 CPW 90% Glycerol high
S41 CPW 90% Glycerol low
S41 CPW with empty tank
S41 CPW with water low
S41 CPW with water high
(d) S41
Figure 4.12: Measured scattering parameters of CPW UWB Antenna array. The
concentration of the matching liquid used, 90% glycerine and 10% water.
4.3 Planar UWB Antenna for Microwave Imaging
4.3.1 Antenna Geometry
In addition to the CPW UWB antenna we propose another printed UWB monopole
antenna with a different ground plane. The distinction between the two antennas is the
spectra of operation and positions of the ground planes. By adding more resonances to
the new design we enhanced the bandwidth, thereby, covering the whole spectrum as
defined by FCC (3.1-10.6 GHz) while the CPW UWB only covers the lower band (3.1-6
GHz), hence we adopt the new design procedure.
The geometry of the proposed Planar UWB antenna consists of a 16 x 25 mm2 FR4
substrate with εr = 4.6 and thickness 1.57 mm. On top of the substrate is a spear-shaped
radiator with the profile curves A and B modelled using the exponential equation (4.5):
y = ex + t (4.5)
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where −4 ≤ x ≤ 2.4 and t = ±2 which is a constant to shift the curve from the vertical
axis. At the back of the substrate is a semi-circular cut (radius c, refer to Fig. 4.13)
ground plane with a small triangular notch in parallel with the feed line to improve
the impedance matching. In [18],[19] Guo et al. have used similar ground plane for
UWB antennas. This type of ground plane as demonstrated in the literature shows that
wideband operation could be achieved. Furthermore, the structure of the ground plane
reduces unwanted surface current waves that have the potential of propagating along the
transmission and receiving lines. A 50 Ω coaxial transmission line was used to feed the
antenna.
4.3.1.1 Design Steps and Guidelines
The first process was to design the ground plane from a rectangular shape, then intro-
duced the semi-circular slot with its radius c already defined in Table 4.1. The open
ends of the rectangular shape is cut off to the appropriate dimension. The substrate
with dimensions L x W was constructed on top of the ground plane. The radiator was
designed according to the exponential equation (4.5).
The curve A (See Fig. 4.13) was constructed first using the analytical curve facility
within CST Microwave Studio [20]. Curve A was transformed using the Transform menu
and Mirror submenu within CST to get curve B. Both curves were finally mirrored to
get the other half of the radiator to form a closed structure . The antenna geometry and
the parameters were optimised to improve its performance. The optimal dimensions of
the antenna are shown in Table 4.1.
Figure 4.13: Geometry of Planar UWB antenna: left (top view), right (bottom
view)
Chapter 3. Spline curve monopoles 66
Table 4.1: Optimal dimensions of Planar UWB antenna
Parameter L W A B C s wf g gw gl h
Unit (mm) 25 16 9.3 6.5 5.9 10.6 2.4 5.4 8.0 4.2 5.9
4.3.2 Results of Planar UWB Antenna
The prototype of the proposed Planar UWB antenna is shown in Fig. 4.14. The antenna
was characterised by a Keysight M9375A vector network analyser (VNA). Fig. 4.15
shows the results for simulated and measured return loss. The results show that the
proposed structure covers the entire spectrum allocated by FCC for UWB application.
The -10 dB bandwidth shows that the antenna operates from 2.7-10.7 GHz representing a
fractional bandwidth (FWB) of 119%, which is enough to satisfies the FCC requirements.
It also establishes the fact that high FWB leads to high processing gain, good multi-path
resolution and low signal fading.
We also examined the radiation patterns at the following frequency points; 3.1 GHZ, 6.5
GHz and 10 GHz. Fig. 4.16 shows that the proposed Planar UWB antenna maintains
a very good radiation patterns at the selected frequencies. In the azimuth plane, the
antenna shows a stable radiation pattern by maintaining the main beams in the broadside
direction. In the elevation, it can be seen that the proposed antenna displays stable
omnidirectional radiation patterns at all the sampled frequencies.
Figure 4.14: Prototype of the proposed Planar UWB Antenna
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Figure 4.15: Simulated and measured return loss curves of Planar UWB antenna
Figure 4.16: Radiation patterns of the proposed Planar UWB antenna at 3.1, 6.5
and 10 GHz.
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The gain values range approximately from 2.1 dBi to 5.3 dBi in the spectrum 2.7 GHz-8.1
GHz, however, from 8.3 GHz to 11.4 GHz the gain values decrease slightly (Fig. 4.17).
Figure 4.17: Simulated total gain of the proposed Planar UWB antenna.
4.3.3 Simulation Studies to Assess Feasibility of Imaging with the
Planar UWB Antenna
In this study an array of four planar UWB antennas in a circular loop was considered. The
aim is to observe and study the effects of inclusion of immersion medium and biological
phantom. The focus of our study will still remain on the backscattered and received
signal strength of the receivers, which will ultimately define and shape up the images
with appropriate imaging algorithm.
In Fig. 4.18, the transmitter (Tx) was excited and all the remaining three antennas
(R2, R3, R4) were in receiving mode. The received power at each receiver is a function of
its distance from the transmitter, hence the antenna furthest away from the transmitter
should receive the minimum power. The study is carried out in two different cases. In
case 1, the antennas were placed inside a plastic cover and were fully immersed in the
matching liquid. For convenience and better visibility the immersion medium has not
been shown for the case where antenna elements were fully immersed in the medium
(Fig. 4.18(a)). In case 2, the antennas were placed outside the plastic cover operating
in the free space as shown in Fig. 4.18(b).
The plastic cover is made up of 3D printing material and its permittivity and conductivity
given as 3 and 0.0015 S/m respectively. The skin layer selected from the CST material
library models the first layer of the biological phantom under study. The remaining
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Figure 4.18: Imaging array using Planar UWB antenna (a) antennas fully immersed
in the liquid medium (b) antennas mounted on the plastic cover.
volume of the phantom is assumed to be homogeneous fat, again, selected from the CST
material library. The immersion medium is a mixture of 90% glycerine and 10% water.
The diameter of the array is 204 mm in both cases. In the scenario where antennas were
fully immersed in a medium, the external diameter of the plastic cover is 220 mm with
thickness 2 mm, the immersion medium is placed in the entire volume inside the cover
and then the biological phantom is inserted inside the coupling medium. The skin is
considered to be 2mm thick with an external diameter of 186 mm and the homogeneous
fat occupies the remaining volume of diameter 184 mm. The target tissue or tumor is
a cylindrical shape with radius 3 mm and height 7.7 mm which was modelled using a
Debye model with ε∞ = 3.99, εs = 54, relaxation time 7e−12, and placed at the centre
of the fatty tissue i.e 104 mm from the transmitter Tx. The height of the array is 32.5
mm where the port is 7.5 mm high from the bottom of the immersion.
In the second scenario, depicted in Fig. 4.18(b), the antenna elements were placed outside
the immersion. They are stuck on the exterior of the plastic cover, rest of the geometry
is the same as scenario one. The immersion liquid is not in contact with the antennas
and is serving as a coupling medium only. All antenna elements have been assigned their
own respective ports and only antenna Tx with port number 1 is excited, the remaining
elements only receive the scattered signals.
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4.3.3.1 Case 1: Planar UWB Antenna Array Coupling Medium
We will look at the frequency and time-domain properties of the antenna in coupling
medium.
(I) Frequency-Domain Response Using Fig. 4.18(a) set-up
Fig. 4.19 shows the transmission coefficients (S21) between the transmitter and
the receivers. First, it is observed that the free space transmission has higher
transmission amplitude. The models with phantom, however, exhibit relatively
weak transmissions because of the presence of biological tissues. Nevertheless,
at certain frequencies, for example (3.4 GHz, 4.5 GHz) the receivers picked up
good signals around -60 dB which is good enough for modern microwave circuitry
systems. Similar signal behaviour has been observed by the transmission from R2
and R4, which is not a surprise since both receivers were at the same distance of
40 mm from the transmitter.
(II) Reflected Signals of Planar UWB Antenna with Fig. 4.18(a) set-up
The transmitter Tx was excited by Gaussian pulse shown in Fig. 4.20 . We examine
the reflected signals in free space without the phantom and compare the results with
the cases where we have phantoms. We studied the signal behaviour by placing
virtual probe at the point of interest.
As has been shown in Fig 4.21 the reflected signals in free space and the model
with phantoms show clear differences in terms of signal amplitudes. The models
with phantoms have lower amplitude as a result of the biological tissues. In the
case of phantom without tumor and phantom with tumor, looking at the time
between 2 nanoseconds and 3 nanoseconds (Refer to Fig 4.21(b) and (c)), the
signal amplitudes circled in black differ as the result of the tumor. The early-time
content of the signals is influenced by the presence of the tumor. Since the phantom
model without tumor has higher amplitude than the one with tumor response, the
early-time signal could be processed earlier without corrupting the tumor signals.
The difference in signal amplitudes could be processed with appropriate image
algorithms.
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(a) S21 in free space



































(b) S21 of phantom without tumor




































(c) S21 of phantom with tumor
Figure 4.19: Comparison of transmission coefficients (S21) of an array of Planar
UWB antenna. The figure depicts the transmission when the antennas were immersed
in a liquid medium






























Figure 4.20: Gaussian pulse used to excite Planar UWB antenna
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(a) Reflected signals in free space












































(b) Reflected signals with phantom without tumor












































(c) Reflected signals with phantom and tumor
Figure 4.21: Comparison of reflected time-domain signals of Planar UWB antenna.
The results show the case where the antennas were immersed in a liquid medium
(III) Transmitted Signals of Planar UWB antenna with Fig 4.18(a) set-up
We also examine the signals received at some strategic locations. We placed probes
at 40 mm, 102 mm and 204 from the transmitter Tx to measure the field strengths.
Most importantly, we observe changes in signal amplitudes at 102 mm, the location
where the tumor was placed. The recorded signal strengths at these locations have
been shown in Fig. 4.22. It can be seen from the figure that, the free space signals
reached the maximum amplitude within few nanoseconds. However, the models
with phantoms reached maximum amplitudes with some delays.
We examined carefully the signals recorded at 102 mm from the transmitter. At
this particular point where the tumor was placed, it became apparent that the
phantom without tumor has unchanged signal amplitude between 1.5 nanoseconds
to 2 nanoseconds (See Fig. 4.22(b)). On the other hand, within the same time
frame, the model with tumor shows change in signal amplitude. The reflection
from the tumor influenced the changes in signal amplitude.
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Received signals 40 mm from  Tx
Received signals 102 mm from Tx
Received signals  204 mm from Tx
(a) Received signals in free space
























Received signal 40 mm from Tx
Recived signal 102 mm from Tx
Received signal 204 mm from Tx
Peak signals unchange
(b) Received signals with phantom without tumor
























Received signals 40 mm from Tx
Received signals 102 mm from Tx
Received signal 204 mm from Tx
change in signal amplitude
(c) Received signals with phantom and tumor
Figure 4.22: Comparison of received time-domain signals where the antennas were
immersed in a liquid medium. Probe was used to record the signals at 40 mm, 102
mm and 204 mm from Tx
4.3.3.2 Case 2: Planar UWB Antenna Array Mounted on the Plastic Cover
We investigate the case where the antennas were mounted outside a plastic cover as
shown in Fig. 4.18(b)).
(A) Frequency-Domain Response of Planar UWB antenna Using Fig. 4.18(b) set-up
Fig. 4.23 shows the transmission coefficient from the transmitter Tx to the receivers
Rx. It can be seen that the signal transmission is very weak from Tx to Rx due
to the fact that most of the signals were scattered by the plastic material and the
biological tissues. R3 which is 204 mm from the Tx exhibits very weak signal across
the whole spectrum. If we compare the two cases i.e antenna in coupling medium
and outside coupling medium, the results suggest that the proposed Planar UWB
antenna could be preferably used for microwave imaging applications by immersing
the antenna elements in a coupling medium.
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Figure 4.23: Transmission coefficient when an array of four Planar UWB antenna
were mounted outside plastic cover as shown in Fig. 4.18(b)
(B) Scattered Signals of Planar UWB antenna with Fig 4.18(b) set-up
When an array of four Planar UWB were mounted outside plastic cover (Refer to
Fig. 4.18(b)), we studied the scattering effect at the walls of the imaging tank.
Fig.4.24 shows the scattering signals which shows that most of the signals could
not go through the plastic cover and the phantom. Other studies [21, 22] have
suggested that antennas for microwave imaging should be immersed in a coupling
medium, which has been the case in our first scenario, to minimise the mismatch
between the coupling medium and free space.












































Figure 4.24: Scattered signal when an array of four Planar UWB antenna were
mounted outside plastic cover as shown in Fig. 4.18(b)
(C) Transmitted Signals of Planar UWB antenna with Fig 4.18(b) set-up
Fig. 4.25 shows the received signals when an array of four Planar UWB antennas
were mounted outside the plastic cover as shown in Fig. 4.18(b). We used virtual
probe to measure the signal strengths at a distance 204 mm from the transmitter
(Tx). The signal amplitude is almost flat suggesting that the plastic cover and
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the biological tissues between Tx and R3 scatter most of the signals. Although
we detected some signals at 40 mm and 102 mm from the Tx, the the signal
strengths were weak as compared to what were detected at the same locations
when the antennas were immersed in coupling medium. This indicates that for
imaging applications the proposed antenna could be best used by deploying them
in immersion medium.





















Received signal 40 mm from Tx
Received signal 102 mm from Tx
Received signal 204 mm from Tx
Figure 4.25: Received signal strengths when an array of four Planar UWB antenna
were mounted outside plastic cover as shown in Fig. 4.18(b)
4.3.4 Measurement Set-up of Planar UWB Antenna Imaging array
To study the behaviour of the proposed antenna for microwave imaging application, we
examine the signal properties through the coupling medium (90% glycerine and 10%
water). In all cases, S21 transmission parameter was first measured with no scattering
objects present between the antennas. We measured S21 again with cylindrical scatterers
(3 mm in radius and height 3 cm) placed between the antennas. We compare the results
in the coupling medium to the free space measurements. The reflection and transmission
coefficients of the antennas were obtained by placing the antennas in the tank containing
the coupling liquid (i.e 90% glycerine and 10%) and measuring S-parameters with vector
network analyser.
In the measurements we used the same set up in Fig. 4.11. We carried out the measure-
ment by placing the antennas in three different positions around the plexiglass containing
the coupling medium with the scattering objects . We measured the s-parameters in free
space array. We positioned the antennas on the top part of the tank making sure that
the antennas were at same level as the coupling medium. We measured the reflected
and transmission coefficients at this position. We also placed the antennas close to the
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bottom of the tank and measured the S-parameters. We chose these kind of measure-
ments to observe the consistency in signal behaviour of the antenna. Fig. 4.26 shows the
measured reflection and transmission characteristics of the antenna.











S11 GND UWB Array free space
S11 GND UWB Array at top with glycerine
S11 GND UWB Array at bottom with glycerine
(a) S11 measurements













S21 GND UWB Array free space
S21 GND UWB Array at top with glycerine
S21 GND UWB Array at bottom with glycerine
(b) S21 measurements













S31 GND UWB Array free space
S31 GND UWB Array at top with glycerine
S31 GND UWB Array at bottom with glycerine
(c) S31measurements













S41 GND UWB Array free space
S41 GND UWB Array at top with glycerine
S41 GND UWB Array at bottom with glycerine
(d) S41 measurements
Figure 4.26: Measured S-parameters of the proposed Planar UWB antenna. Four
antennas in an array were placed on a tank containing coupling medium (i.e 90%
glycerine and 10%)
Table 4.2: S-parameters of Planar UWB antenna at 3.0 GHz, 3.5 GHz and 4.0 GHz.






F ree T op Bottom
S31(dB)
F ree Top Bottom
S41(dB)
Free T op Bottom
3.0 -12.5 18.7 26.3 -37.5 -39.6 -56.7 -29.5 -29.9 -38.2 -22.1 -40.0 -40.0
3.5 -15.7 14.8 22.7 28.5 -45.5 -45.7 -25.6 -27.8 -27.8 -24.5 -27.3 -43.1
4.0 -11.2 10.1 10.0 -38.2 -46.2 -47.5 -24.7 -36.1 -38.1 -35.4 -40.9 -35.9
Detailed analysis of the antenna in free space shows that the antenna radiates very well
from 3 GHz onwards. We analyse the scattering signals between 3 GHZ- 4GHz shown
in black circle in Fig. 4.26. The results show that there is signal attenuation through
target tissue ( in this case scatterers). In comparison to results of the CPW antenna,
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the signal levels between 3 GHZ- 4GHz are still within practical detectable range if we
assume a system with a dynamic range of -70dB. Moreover, as has been summarised in
Table 4.2, the scattered field values show the sensitivity of the imaging system in the
presence of scattering objects measuring about 3 mm in radius.
4.4 Summary
This chapter presents two novel printed monopoles designed for microwave imaging. The
printed monopoles in this study are compact with physical size of 16 mm x 25 mm and
0.24λ in electrical size and comparable to similar designs reported in the open literature
[23–25]. The proposed UWB monopoles are small enough to fit within the relatively
small array area,thereby enhancing microwave image resolution and quality. The study
also shows the possibility of using spline curve printed monopoles to model small anten-
nas for microwave imaging application. The two printed monopoles provided different
performances in terms of frequency of operation. The CPW monopole antenna where
both radiator and ground elements are printed on the same side only covers the lower
UWB band (3.1-6 GHz). Using the same dimensions but different ground plane printed
on opposite side of the radiator, the planar monopole antenna added more resonances to
the design, thereby, enhancing the bandwidth to cover the whole UWB spectrum from
2.7-10.7 GHz.
The chapter also demonstrated the time-domain performance of the antennas in free
space and with phantoms. In this study, the simulated and measured results demonstrate
that the performance of the proposed antennas for microwave imaging applications could
be enhanced by immersing the antenna elements in coupling medium. We have also
demonstrated that the antennas could detect small object with 3 mm in radius. At
this stage image reconstruction has not been attempted as the focus of this study is to
design small UWB antennas for microwave imaging. However, the results and the designs
presented may be used as a step for future time-domain 3D experimental investigations
and imaging algorithms.
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Chapter 5
Planar Wearable Antenna at 2.45
GHz ISM Band
As has been discussed in chapeter 2, section 2.3, many antennas have been proposed for
body-worn devices utilising the Industrial, Scientific, and Medical (ISM) band at 2.45
GHz. In previous chapters, we reported about broadband antennas for high data rate
and wider bandwidth communications. For most applications that require long range
communications and resistant to interference, UWB antennas tend to be the dominant
choice. However, for short range communication systems and frequency specific applica-
tions the narrow band antennas offer alternative options.
There are a number of antennas such as monopoles designed for specific applications
and frequency band. Many of such structures are resonant antennas that generally have
dimensions close to half or quarter of a wavelength. These antennas are often simple
structures with relatively narrow bandwidth. The emergence of Bluetooth enable wear-
able devices have led to the development of antennas for such communication systems.
Many systems such as IEEE 802.11 wireless LAN and personal area network employ
Bluetooth devices for communication.
In this study we propose a new printed monopole antenna with a circular slot (PMA-
CS). The antenna is designed to operate at 2.45 GHz for Bluetooth enable wearable
applications. We control the resonant frequency of the antenna with the circular slot.
The design simplicity and good performance in close proximity to the human body
suggest that this antenna is a good candidate for body-centric applications.
5.1 Antenna Geometry, Design Process, and Optimisation
The proposed structure is a printed monopole antenna with a circular slot (PMA- CS)
derived from a rectangular radiator with a semicircular bottom [1–3]. Antennas of this
nature are generally designed for broadband applications, however, with a circular slot
the antenna can resonate at a single-frequency band.
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The design process follows the construction of a rectangular radiator with a semicircular
bottom without any slot as shown in Fig. 5.1. The surface current and other design
metrics such as return loss, efficiency and gain were analysed against the objectives of
this research work. The surface current contours as shown in Fig. 5.2 indicate that most
of the currents were concentrated at the edges and also the area around the ground plane
and the stripline. It follows that etching a circular slot at the centre of the radiator will
improve the antenna performance by shifting the resonant frequency to a lower range.
The S11 analysis (See Fig. 5.3) shows that the structure without any slot provides poor
return loss and input matching. This could be attributed to fact that the surface-wave
current becomes more severe and pronounced on the radiator giving rise to poor efficiency
resulting in poor radiation. To overcome the antenna poor return loss, input impedance
and radiation pattern, a slot was etched on the radiator for the following reasons: (i) to
make the radiator act approximately as a resonant cavity (short circuit (PEC) walls on
top and bottom, open-circuit (PMC) walls on the sides (ii) a strong field is set up inside
the cavity, and a strong current on the (bottom) surface of the radiator that give rise to
good radiation.
Figure 5.1: Geometry of PMA without circular slot. Top view (left), Bottom view
(right).
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Figure 5.2: Surface current contours of Fig. 5.1













Figure 5.3: Return loss curve for the radiator without the circular slot (Fig. 5.1)
Taking the above into consideration, a new design is proposed, as shown in Fig. 5.4,
which is a printed monopole antenna with a circular slot (PMA-SC) on FR4 substrate
with εr = 4.6 and thickness 1.6mm. The total size of the substrate is 40 x 40 mm2. At
the back of the substrate is a partial rectangular ground plane measuring 40 x11.9 mm2.
The circular slot with optimised radius r =11.8 mm controls the resonant frequency of
the antenna. In [1–3], antennas using a semicircular radiator were proposed for ultra-
wideband applications. However, those antennas were designed for higher and frequency-
independent applications. The novelty of this design lies on the use of the circular slot
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on the radiator, which provides an easy mechanism to control the antenna resonant
frequency by changing the radius of the circular slot r. The use of this slot also reduces
the antenna size by lengthening the current path, and results in a frequency shifting
from the UWB range to a lower frequency, which is chosen as 2.45 GHz for on-body
applications. Furthermore, the advantage of the present design is that it is relatively
simple, easy to prototype and manufacture. A 50 Ω coaxial transmission line was used
to feed the antenna.
Figure 5.4: Geometry of PMA-CS. Top view (left), Bottom view (right)
The surface current and H-field distribution of the proposed antenna (PMA-CS) are
shown in Fig.5.5.
Figure 5.5: H-field distribution( left) Surface current (right) of PMA-SC
5.1.1 Parametric Studies (PMA-CS)
Two parameters that affect the performance of the proposed antenna are the circular
slot radius r and the ground plane length Lg. The antenna was simulated for different
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dimensions for these two parameters.
(i) Effect of the circular slot radius r
The radius of the circular slot that controls the resonant frequency was simulated
at different dimensions to observe its effect on the antenna, with the ground plane
fixed at its optimal value 40 x 8.068 mm2. Fig. 5.6 shows the S11 response for
different slot radius r. It is clear from the result that r has effect on the resonant
frequency and the input impedance, for example when r= 9.93 mm the resonant
frequency was 2.58 GHz which is higher than ISM band 2.45 GHz and also with a
very poor return loss.



















Figure 5.6: Simulated return loss curves for different dimensions of the
circular slot radius r with the optimal designs.
(ii) Effect of the ground plane length Lg
The other parameter that affects the proposed antenna is the ground plane length
Lg. With the optimised circular slot radius r fixed at 11.5 mm and the ground
plane width at 40 mm, the dimensions of Lg were varied to observe its effect on the
antenna performance. Fig. 5.7 shows the variations of Lg. The optimised value
was found to be 8.068 mm. The results shows that the ground plane length Lg
affects the input impedance and the matching of the antenna.
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Figure 5.7: Simulated return loss curves for different dimensions of the
ground plane length Lg with the optimal designs.
The new design shows a better performance in terms of return loss and input
matching as a result of the introduction of the circular slot. Fig. 5.8 compares the
simulated S11 of the two antenna i.e the optimised structure with circular slot and
without slot.

















Antenna with circular slot
Figure 5.8: S11 comparisons showing the optimised structure with circular slot and
without slot.
5.1.2 Simulation Studies to Evaluate Performance
The proposed antenna was simulated in free space and in the vicinity of two different
phanoms, a simplified three-layer phantom composed of skin (εr = 45.85, σ = 1.59), fat
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(εr = 5.28, σ = 0.1) and muscle (εr = 52.73, σ = 1.74) [4] with dimensions (50 mm x 50
mm x 400 mm) equivalent to human arm taken from [5] as shown in Fig. 5.9, and 2/3
muscle equivalent-phantom (εr = 35.15, σ = 1.16) with dimensions 180 mm x 60 mm x
60 mm taken from [6].
We observed the effect of human body in close proximity of the antenna. The separation
gap between the antenna and the phantom was varied between 3 mm to 15 mm to
observe the antenna response and performance. Fig. 5.10 shows the simulated free space
and on-body return loss curves. There is about 3.5% detuning between the free space
simulation and on-body simulation when the gap is 15 mm.
Fig. 5.10 shows that the response of the antenna in free space and on-body are similar,
suggesting that the antenna does not detune significantly and could be a good candidate
for body-centric applications. As the antenna moves away from the body, its performance
converges to the free space performance.
Figure 5.9: Three-layer phantom model for CS MSA simulation .
Fig. 5.11 shows the free space and on-body radiation pattern of the antenna. The work
also shows that the antenna exhibits quasi-omnidirectional radiation patterns in both
free-space and on-body in the elevation plane and more directive in the azimuthal plane.
It also appears that in the azimuth plane nearly the entire lobe of radiation, which
propagates in the direction of the models is absorbed due to the lossy characteristic of
the tissues that compose the models. The free space radiation pattern stays relatively
constant from the body, but the on-body pattern has high backlobes due to losses in the
tissue. Moreover, the total efficiency of the proposed antenna in free space is almost 100%
although this is not entirely accurate for practical reasons and 46% on-body efficiency.
A realised gain of 2.79 dBi has been observed (See Fig. 5.16) .
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Figure 5.10: Simulated return loss curves for free space and on-body with optimised
parameters r = 11.5 mm, Lg = 11.932 mm..
Figure 5.11: Simulated radiation pattern of the (PMA-CS) antenna in free space
and on-body using the three-layer model of Fig. 5.9 (a) azimuth plane (b) elevation
plane, (red dotted line on the body), (blue solid line in free space).
Fig. 5.12 shows the specific absorption rate (SAR) distribution in the ISM band calcu-
lated with the antenna placed 3mm away of the three-layer tissue model used in Fig. 5.9.
The antenna was fed with a 1 W peak input reference power. In accordance to the IEEE
C95.1-2005 standard, the SAR average value over 10 g of human tissue mass should not
exceed 2 W/Kg [8]. The predictions from this figure suggest that the maximum SAR
for this antenna is well below regulation requirements.
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Figure 5.12: SAR distributions for PMA-CS when placed 5 mm away from the
three-layer tissue model of (Fig. 5.9)
5.2 Measured Performance of PMA-CS
The prototype of PMA-CS is shown in Fig. 5.13. The antenna was measured with a
M9375A vector network analyser (VNA) at Keysight laboratories in Shenzhen, China.
The antenna was measured first in free space and the results were compared to the
simulations presented in [7]. Fig. 5.14 shows that the measured free-space return loss
agrees very well with free-space simulated results.
(a)
Figure 5.13: Photograph of the fabricated prototype.
The on-body measurements were carried out in anechoic chamber at The Chinese Uni-
versity of Hong Kong (CUHK), where the antenna under test was placed along the arm
of real human subject ( age = 28 years, weight = 80 kg, height = 174 cm, BMI = 26).
We carried out the measurements by varying the gap from 5 mm to 15 mm between the
antenna and the human arm. The measured reflection coefficient is shown in Fig. 5.15.
There is reasonable agreement between the simulated and measured results at all the
separation gaps between the antenna and the arm.
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Figure 5.14: Simulated and measured reflection coefficient of PMA-CS antenna in
free space
The gain pattern was deduced by measuring transmission coefficient of about 2 cm be-
tween the single output of a standard-gain horn antenna and the differential terminals
of the antenna under test still attached to the arm of the volunteer for different azimuth
plane orientation. The measured values were then calibrated taking into account the
path loss and mismatch at both ends.
In comparison with the measured -10dB bandwidth in [9], our antenna operates from
2.12-2.68 GHz with a bandwidth of 560 MHz as opposed to 120 MHz. The antenna
robustness in close proximity to human body, simplicity, and possible easy circuit in-
tegration along with good radiation pattern and bandwidth suggest that it is a good
candidate for body-centric application (off-body).
We summarised the free space and on-body performance in Table 5.1.
Table 5.1: Performance of the PMA-CS in free space and on the body
Parameter Free Space On-body
Resonance Frequency (GHz) Simulated 2.45Measured 2.45
Simulated 2.45
Measured 2.48
Bandwidth (-10 dB) GHz Simulated 0.65Measured 0.57
Simulated 0.64
Measured 0.56
Gain (dBi) Simulated 2.79Measured 2.82
Simulated -6.2
Measured -5.1
Total efficiency (%) 98 46.5
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Figure 5.15: Simulated and Measured reflection coefficient of the antenna using Fig.
5.9 and 2/3 muscle at various distances from (a) direct on body (b) 5 mm away (c) 10
mm away and (d) 15 mm away, (blue dotted line simulated on arm), (black dotted
line ) simulated on 2/3 muscle, and (red dotted line) measured



















Figure 5.16: Realised gain of the proposed antenna showing the following; simulated
free space, measured free space, and measured on-body.
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5.3 Summary
The chapter presents a novel antenna for wearable communications. We control the
resonant frequency of the antenna and the input impedance with the radius of the circular
slot on the radiator. We took measurements for a range of positions between the antenna
and real human subject. The presented simulations and measurements showed that the
antenna does not de-tune when in close proximity to the human body. The design
simplicity and good performance in close proximity to the human body suggest that this
antenna is a good candidate for body-centric applications.
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Wireless communication systems and implantable antennas are needed for communica-
tion with implantable medical devices (IMDs) such as cardiac pacemakers and defibrilla-
tors. Designing antennas for embedded applications is extremely challenging because of
reduced antenna efficiency, impact of the environment on the antenna, the need to reduce
antenna size, and the very strong effect of multi-path losses. Ultra-small devices small
enough to be injected in human body and the desire to communicate with them will
inevitably lead to the need for miniaturised antennas embedded in lossy environments.
In chapter 2, section 2.2, we reviewed the state-of-the-art of implantable antennas. We
reviewed some of the implantable antennas proposed for many applications such as glu-
cose monitoring devices, wireless endoscope capsule and cardiac pacemaker. In this
chapter we propose two implantable antennas with two different structural configura-
tions employing numerical techniques to meet the objectives and the requirements of
this study. The antennas are very compact with much improved bandwidths at the
operating frequencies.
6.1 Design techniques
The section discusses the theoretical background of the techniques employed to achieve
efficient antenna designs in line with the project objectives. The requirements and con-
straints related to the design of implantable antennas include: miniaturisation, biocom-
patibility, patient safety, low power consumption, efficiency and far-field gain. In order
to address some of the aforementioned challenges and issues, some advanced designed
techniques such as (1) the use of high permittivity substrates (2) stacking of patches (3)
meandering patch surface and (4) shorting pins were employed.
The fundamental theory of electromagnetism dictates that electromagnetic waves travel
as the speed of light. In electromagnetism, one of the fundamental parameters that
affects the propagation of electric field in a medium is permittivity ε, which describes
the materials ability to support an electric field. In free space the speed of light is given
as (6.1)
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c = λf ⇒ λ = c
f
(6.1)
where λ is wavelength and f is the frequency. The relative permittivity εr with respect



























where λo is the wavelength in free space.
Equation (6.4) indicates that by using a high permittivity substrate (dielectric material)
the propagation speed in the medium as well as the wavelength can be reduced. In
antenna design we take advantage of the fact that using high-permittivity dielectric
substrate can reduce the dimensions of the antennas. In particular, the use of high
permittivity substrates can shorten the effective wavelength and thus reduce the antenna
resonant frequency. In the literature [1–4], high permittivity substrates such as Roger
3210 with εr = 10.2 and ceramic alumina, εr = 9.4 have been used to reduce the size of
antennas.
Another popular technique used to miniaturise antennas for body-centric applications
is lengthening the current flow on the patch surfaces with an enhanced inductive effect
(L). The meandering can be achieved by inserting several narrow slits at the patch non-
radiating edges resulting in a cross-coupling effect between adjacent arms of the meander,
thereby creating localised electric field storage, and hence an enhanced capacitive effect
(C). The effect lowers the antenna fundamental resonant frequency and thus reduces the
antenna size at a fixed operating frequency [1, 5–8].
Multi-layered stacked patches have been employed to design dual-band antennas for var-
ious applications. For example, dual-band microstrip patch antennas have been reported
in the literature [9, 10]. Patch-stacking reduces the size of the antenna by increasing
the length of the current path. When two patches are vertically stacked, the distance
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between the patches can be controlled so that they are coupled together to act as a single
wideband antenna [11].
Recently, many stacked patches designed for single frequency operation have been re-
ported [3, 12–15]. In addition to this technique .i.e. vertically stacking the patch, insert-
ing a shorting pin between the ground plane and the patch reduces the physical size of
the antenna at the operating frequency. A popular antenna using this type of arrange-
ment is the planar inverted-F antenna (PIFA) where the shoring pin or shorting post
affects the fundamental frequency of the antenna [16].
6.2 Proposed Antenna Designs and Optimisation
In this study, we look at two designs for implants in the MICS (402-405 MHz) band em-
ploying the aforementioned techniques. We have chosen these two designs to demonstrate
the underlying principle (mirror image arrangement) that has been explained in section
(6.3). We have also managed to miniaturise the size and the volume of the antennas
with this mirror image arrangement.
6.2.1 Compact Circular PIFA (CC-PIFA)
The proposed antenna is a multi-layered structure consisting of a (a) ground plane and
two circular patches (radiators), with (b) lower patch and (c) upper patch as shown
in Fig. 6.1. The upper patch is the mirror image of the lower patch etched on the
second layer substrate. The ground plane has a radius of 5 mm and both patches have
a 4.5 mm radius. Sandwiched between the patches is a circular Rogers 3210 substrate
(εr = 10.2, tanδ = 0.003) with thickness 0.635 mm and radius 4.5 mm. Such high
permittivity dielectric substrates have been used to achieve miniaturisation and reduce
the antenna resonant frequencies [3], [13]. On top of the upper patch is a superstrate
with same properties as those of the substrates, and its purpose is to cover the antenna
and preserve its biocompatibility and robustness.
In order to lengthen the effective current path on the patch surface as well as enhance the
bandwidth at the operating frequency, three carefully placed hooked-shaped slots are cut
on the patch. In [13], an antenna of a similar structure was proposed for MICS operation
where similar slots were used to lengthen the current path and achieve miniaturisation.
The difference between our CC-PIFA and [13] is the number of slots and orientation of
the lower and upper patch. Our design encompasses mirror image arrangement to en-
hance bandwidth at the operating frequency. With the mirror image approach, the two
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radiators have closely related resonant frequencies. The radiators coupled together re-
sulting in overlapping of these resonance, hence an improved bandwidth at the operating
frequency.
The distance from one slot to another is 1.2 mm and the optimised width w of the slot
was found to be 0.35 mm. The inner probe of the feed introduces inductance so a small
optimised gap g = 0.3 mm was cut to provide a capacitive effect to balance the inductive
effect and also to improve the impedance matching of the antenna. To further reduce
the size of the antenna, a shorting pin S with radius of 0.3 mm and centre (x = 1.5 mm,
y= 2.5 mm), referenced to the origin of the ground plane, connects the ground plane and
the lower patch. Both patches are excited by 50 Ω coaxial cable F of length L = 8 mm
as shown in Fig. 6.1(d) with inner conductor radius 0.2 mm and centre (x= 0.9 mm, y=
-3.7 mm) referenced to the origin of the ground plane.
Figure 6.1: Geometry of Compact Circular PIFA: (left) including the: (a) ground,
(b) lower patch,(c) upper patch, (d) view of the vertically stacked patches, (e)
vertically stacked antenna with substrates, (f) and resulting surface current
distribution (right)
6.2.1.1 Simulation Studies for CC-PIFA
The antenna was modelled and simulated using CST’s Microwave Studio. As the antenna
is intended for embedded application inside the human body, the design and simulations
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Table 6.1: Tissues Electric Properties and mass densities at 402 MHz
Tissue (εr) Conductivity (σ,s/m) Mass Density(Kg/m3)
Skin 46.7 0.69 1010
Fat 11.6 0.08 920
Muscle 58.8 0.84 1040
were performed inside a simplified three-layer tissue (skin, fat, muscle) model shown in
Fig. 6.2. A similar three-layer tissue model was used to simulate low-profile antennas on
human chest implants in [17]. The phantom dimensions, the thickness of the skin and
fat, the antenna position within the three-layer model are similar to those reported in
the literature [17]. We chose this phantom to compare the performance of our antenna
with the one reported. Both antennas resonate at 402 MHz, however, the size and the
volume of our antenna is 97% smaller as compared to [17].
Table 6.1 shows the electrical properties of the tissues taken from [17]. The antenna was
implanted at h=10 mm within the muscle layer as shown in Fig. 6.2 and tuned to the
resonant frequency by optimising the positions of the shorting pin S and feed F. The
antenna was also placed in different positions to observe its response and robustness.
Figure 6.2: Three-layer simulation model (phantom) made up of skin, fat, and
muscle used for implanted antenna in human chest
As shown in Fig. 6.3, the proposed antenna resonates at 402 MHz when implanted inside
the muscle layer at depth h=10 mm, and its S11 is -29.58 dB. The -10 dB impedance
bandwidth is 100.45 MHz (356.56-457.01). The -10dB bandwidth shows a wider band-
width as compare to similar antennas reported in [15, 17, 18]. The antenna was also
implanted at different positions within the tissue to observe its response, characteristics
and robustness. At the implantation depth h= 5 mm, the antenna resonates at 403 MHz
with return loss of -29.58 dB, the same -10dB bandwidth as obtained for h=10 mm.
When the antenna was positioned between the skin and fat layer, the resonant frequency
shifted upwards to 553.6 MHz with S11 of -8.9 dB. The detuning of the antenna to such
Chapter 6. Implantable Antenna Designs and requirements 99
high frequency is attributed to the low permittivity and conductivity values of the fat
tissue. Furthermore, waves scattered from the body will induce additional currents on
the antenna thereby distorting the resonance and resulting in frequency detuning and
degradation of the return loss.


























Figure 6.3: Return loss for different positions of CC-PIFA inside the three-layer
phantom of Fig. 6.2
We observed similar responses when the antenna was placed at the centre of the fat layer
or the interface between muscle layer and fat layer. When the antenna was placed at the
skin/fat interface or the skin layer, the resonant frequency shifts to 453 MHz with S11
around -21.5 dB. As seen from Table 6.1 the electrical properties of skin and muscle are
very close, leading to similar resonant frequencies for the antenna operation even though
the return loss at the skin layer is relatively weak.
The input impedance and voltage standing wave ratio (VSWR) have been shown in
Fig.6.4. The radiation pattern has been shown in Fig. 6.5. The antenna gain is 1.86 dBi.
As has been discussed in the previous chapter, electrically small antenna suffers from
low radiation efficiency as result of decrease in size. We acknowledge the fact that this
low gain is due to the low efficiency of the antenna, although the gain value is typical
for antennas of this type with values around 1.5 dBi [19].
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Figure 6.5: Normalised radiation patterns of the Compact Circular PIFA. (Red
solid line: azimuth plane) and (blue solid line: elevation plane)
6.2.2 Compact Spiral PIFA (CS-PIFA)
In [17], a low profile spiral antenna was developed for human chest implants. However,
the physical size of the antenna as compared to the proposed antenna is bigger. A new
three-layer stacked PIFA antenna with the advantage of wide impedance bandwidth,
compact size, and good radiation characteristics suitable for use in the biotelemetry
communication when operating at the 402-405 MHz frequency band is proposed. For
instance, the proposed Compact Spiral PIFA has overall volume of 251 mm3 which
is a reduction of about 97% compared to the reported work in [20] with a volume of
10240mm3 and also a third of recently reported PIFA with volume of 692 mm3 [21], and
about half a fraction of 458 mm3 reported in [22].
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The proposed antenna is a multi-layered structure with a rectangular ground plane and
two vertically stacked meandered patches as shown in Fig. 6.6. Each radiating patch
is etched on Rogers 3210 substrates (εr = 10.2, δ = 0.0027) and thickness 0.635 mm.
A superstrate with the same dimensions and properties as the substrates covers the
structure to prevent direct contact of the patch and human tissue. The dimensions of
the antenna is given in Table 6.2.
Both radiating patches have the same dimensions but the upper patch is the mirror image
of the lower patch (i.e. the upper patch is 180◦ rotation of lower patch). The centre of
the ground plane is set as the origin of the coordinate system unless stated otherwise.
A 50 Ω coaxial probe F (x= 4.7 mm, 4.5y mm) is used to feed the antenna , while a 0.3
mm-radius shorting pin S (x= 2.3 mm, y= 2.3 mm) connects the ground plane with the
lower patch to further reduce the size of the antenna. The inner conductor of the feed
connects the lower patch which then excites the upper patch through electromagnetic
coupling.
6.2.2.1 Simulation Studies of Compact Spiral PIFA
The antenna was simulated using the same phantom Fig. 6.2 as used for the CC-PIFA
studied previously with the same dimensions and tissue properties. The antenna was
implanted 10 mm inside the muscle tissue and tuned to the required resonant frequency
404 MHz. Furthermore, the antenna was implanted in the fat and skin tissues to observe
its performance and robustness. Fig. 6.7 shows the return loss when the antenna was po-
sitioned in the tissue. As observed from Fig. 6.7 the antenna also resonates at MedRadio
frequency 433 MHz when implanted in the skin tissue. The resonant frequency has been
shifted from 404 MHz to 433 MHz because the antenna is directly implanted beneath the
skin layer in the body model. In the fat layer, the antenna resonates at 525.6 MHz with
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Figure 6.6: Geometry of Compact Spiral PIFA: (a) ground plane (b) lower patch (c)
upper patch and (d) view of the vertically stacked antenna
deteriorating return loss of -2.8 dB. This is due to the larger equivalent permittivity and
conductivity of muscle in comparison with skin and fat tissues which have smaller per-
mittivities and conductivities. Fig. 6.8. depicts the input impedance, voltage standing
ratio (Vswr) and the radiation pattern.
Table 6.3 shows the comparisons of the two proposed implantable antennas. There is no
much difference between the two antennas in terms of performance, however, the circular
type resonates at 402 MHz whiles the meandered type resonates at 404 MHz. The choice
of any of these antennas for any application will be based on IMD configuration rather
than performance.
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Figure 6.7: Return loss of Compact Spiral PIFA
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Figure 6.8: Other results of CS PIFA. Top (left) normalised input impedance, Vswr
(top right), and (radiation pattern (bottom), red solid line in azimuth plane, and blue
solid line in elevation plane)
Table 6.3: Comparisons of the two proposed implantable antennas
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6.3 Operation Principles of our CC and CS PIFA Designs
As has been described in the previous sections, the proposed implantable antennas are
multi-layered structures with a lower and upper patch. Both patches are mirror image
of each other. Naturally, both structures will resonate at certain point if deployed as
individual elements without using our mirror image arrangement (i.e without orienting
both patches in opposite direction). Here we show the S11 results of CS PIFA (Refer to
Fig. 6.9) with the lower and upper patch in the same orientation.

















Figure 6.9: S11 results for compact spiral PIFA with both lower and upper patches
in the same orientation.
Fig. 6.10 shows the surface current contours and vector fields of both patches. After
careful analysis of the surface current contours and vectors fields, it became apparent
that by using mirror image arrangement the two patches were forced to act as a single
element. Also it has been observed that by using the mirror image orientation approach,
the surface currents of both patches flow in opposite directions just as for the CC PIFA
(See Fig. 6.1 (f)), and also coupling to reinforce the two closely frequencies to overlap.
Furthermore, as has been shown in Fig. 6.10 (a) and (b), at each phase considered i.e 0◦
and 90◦, the equipotential fields are on opposite sides on the outer arms of the patches,
but with the same phase-shift. It follows that if radiators were considered as circuit
elements, the inductive part balances the capacitive part, hence the structure working as
a resonant element. It is also interesting to note that the vector fields diverge from the
lower patch at 0◦ (See Fig. 6.10 (c)), and at 90◦ the fields on the upper patch begun to
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converge Fig. 6.10 (d). We note that the shorting pin and high permittivity superstrate
also contribute to the shift of the resonant frequency lower.
Figure 6.10: Surface current contours and vector fields of the Compact Spiral PIFA.
Fig. 6.11 shows the CS PIFA S11 results comparing the two configurations of the radiators
(i.e radiators arrange in the same direction, and radiators arranged using mirror image
approach).















Figure 6.11: CS-PIFA S11 results comparing the arrangements of the radiators
(lower patch and upper patch). The results show the lower and upper patches in the
same orientation and mirror image approach as described in the section.
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6.4 Summary
In this chapter, two miniaturised implantable antennas have been presented. A liter-
ature review on implantable antennas highlighted the need of developing compact and
conformal antennas, and understand their behaviour when placed in proximity of the
human body. The chapter demonstrated miniaturisation techniques that involve; high
permittivity substrate, multi-layered radiators, meandering and shoring pin to design im-
plantable antennas. Two different structural configurations were studied i.e circular PIFA
and spiral PIFA using the aforementioned techniques. The antennas were simulated in
a human-mimicking phantom and numerically analysed for implantable communication.
The results demonstrated that changes in position of the antenna in different tissues shift
the resonant frequency.
The operation principles (mirror image approach) behind the designs have been ex-
plained. For this approach two radiators with the same dimensions and configuration,
but different orientations were used. We explained that by using this approach, the radi-
ators with closely resonance overlap to enhance the operational bandwidth. The initial
findings demonstrate the potential suitability and usefulness of the underlying approach.
The set of data and the design in this study could serve as a template for future studies
of implantable antennas.
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Chapter 7
Conclusions and Future works
7.1 Summary
This thesis presented six new antenna designs for body-centric applications. The pro-
posed antennas have been designed and simulated in free space and human body envi-
ronments to assess their performance. The spectra covered for this study include the
medical implant communication services band (MICS) of 402-405 MHz, the Industrial,
Scientific and Medical band (ISM) 2.45 GHz and the Ultra Wideband (UWB) spectrum
3.1-10.6 GHz.
A printed rectangular monopole antenna (PRMA) with Q-slot for UWB spectrum with
large bandwidth for on-body and microwave imaging applications has been presented
and discussed. The wideband operation was achieved by etching a Q-slot on the an-
tenna. Numerical investigations were carried out to analyse the design parameters of the
antenna. The results presented in this study show that the proposed PRMA with Q-slot
provides high immunity in close proximity to human body. The simulated and measured
results were in reasonable agreement over the entire UWB spectrum band considered.
Two new compact spline-curve UWB antennas for microwave imaging were presented.
UWB signal analysis in the presence of breast phantoms was carried out. In this study, it
has been shown that the transmission and reception of UWB signals differ from phantom
without tumor and with tumor. The changes in transient signal amplitudes suggest
that the tumor signals could be distinguished with the use of an appropriate imaging
algorithm.
A new printed monopole antenna designed for ISM band at 2.45 GHz has also been
presented. A circular slot on the patch has been used to control the resonant frequency
of the antenna. The size of the circular slot has an impact on the antenna performance
as it distributes the surface current along the edges of the patch without degrading the
antenna performance. The ground plane size also plays an important role as it affects the
input the impedance of the antenna. We have also demonstrated a stable performance
of the antenna in close proximity to human body.
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Two new miniaturised implantable antennas have been proposed for biotelemetry. The
study illustrates the advantages of using high permittivity substrate, meandering, stack-
ing and shorting pins to miniaturise the proposed implantable antennas. The combined
miniaturisation techniques reduce the size of the antenna to a fraction of the operating
frequencies. All the antenna design parameters including the location of the feed and
shorting pins had to be selected appropriately to optimise the design. The position of
the antenna in the human tissue was crucial as deeper implantation in the muscle tissue,
for example, led to further degradation of gain and efficiency to -47.8 dBi and 0.000283%
respectively. The performance of implantable antennas within different body tissues has
been demonstrated through this studies. It has been observed through this studies that
the permittivity and conductivity of the tissues have effect on the resonance of the an-
tenna. Furthermore, we had to trade-off the size of the antennas with those parameters
such as efficiency and radiation patterns.
7.2 Key Contributions
The work in this thesis has introduced some novel antennas for body-centric applications.
The major contributions to this work are :
(i) Six new antennas have been proposed, designed, simulated and four of those mea-
sured for body-centric applications. Parametric and numerical studies have been
performed to investigate the effects of human body on the proposed antennas. We
also provided the necessary guidelines for the designed antennas.
(ii) This work has also demonstrated the use of combined miniaturisation techniques
(high permittivity substrates, meandering, stacking and shorting pins) to reduce
the size of the antennas considerably. We have demonstrated the guidelines needed
to reduce the size of the antennas at the given frequencies.
(iii) We studied two miniaturised implantable antennas for biotelemetry. Two different
configurations were proposed for implantable devices. We have proposed a compact
circular structure as well as spiral design for implantable devices. The operation
principles and miniaturisation techniques have been explained for both designs.
Furthermore, we studied the radiation characteristics of implantable antennas in
body tissues. Operation in the presence of numerical phantom models has also
been investigated presenting initial results for future works. The results could be
extended further for system integration to model realistic scenarios.
We also characterised a narrowband antenna at 2.45 GHz for body-centric appli-
cation. We have demonstrated the use of a circular slot to control the resonant
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frequency of the proposed antenna as well as its input impedance. Based on this
design concept a novel printed monoploe antenna was presented, fabricated and
measured. The antenna was simply tuned to the required frequency by manipulat-
ing a circular slot on the radiator.
(iv) A simple PRMA with Q-slot for UWB spectrum has been proposed for on-body
operation as well as possible application to microwave imaging for breast cancer.
The antenna was designed to overcome the challenges of antenna detuning in the
close proximity of human tissues. The presented work in the thesis shows that
the proposed PRMA with Q-slot maintains high immunity in close proximity to
the human body. We have also shown similar characteristics of the antenna in the
presence of a breast phantom and matching liquids. The simulated and measured
results agreed in all the cases.
(v) Two compact printed monopoles for UWB spectrum for microwave imaging have
been proposed. The dimensions of both antennas measure 16 mm x 25 mm for
imaging applications. This very small size suggests that these antennas can be
used to image small volumes (e.g. small animal imaging), or can be integrated
in an array with a large number of elements. The first antenna was designed to
operate in the lower spectrum of UWB i.e from 3.1 GHz to 6 GHz. The second
antenna was designed to cover the whole UWB spectrum as defined by FCC of
U.S.A. The simulated and measured results agree for both antennas.
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7.3 Future Work
The work presented in this thesis opens up many potential areas for further research.
The millimetre wave frequency band has the advantages of a large bandwidth and small
antennas with high gains. The are possibilities of reducing the size of the antenna in
the high frequency millimetre wave band (e.g 60 GHz) which is desirable for ultra-small
body-centric devices. Further studies on the miniaturisation and immunity of UWB
antennas should be exploited. As has been demonstrated in the thesis, by using spline
curves and slots, good time-domain performance can be realised even for small antennas.
Other major areas that could be exploited include:
(i) This study presented numerical artifacts of the proposed antennas. The results
presented in the thesis are generic for on-body and imaging applications. The
proposed antennas could be investigated further for different human test cases that
may include system integration for specific cases like health, sports and military
applications.
(ii) The efficiencies of the antennas could be investigated further by using meta-materials
and techniques such as electromagnetic band gap (EBG) to reduce radiations to-
wards the human body and minimise the detuning effect.
(iii) UWB antennas array have shown great potentials for imaging applications. In this
study, we used fewer antenna elements in our simulations and measurements. As
has been shown in the thesis the coupling between the antenna elements is very low
which suggests that more UWB antenna array could be optimised and deployed for




The software CST is a a general purpose electromagnetic simulator based on the Finite
integral Technique (FIT)1. This numerical method provides universal spatial discreti-
sation scheme applicable to various electromagnetic problems ranging from static field
calculations to high frequency applications in time or frequency domain.
The main aspects of the procedures involve are explained in the Fig.A.1 Unlike most nu-
merical methods such as FDTD, FIT discretises the integral form of Maxwell’s equations
than the differential ones. To solve these equations numerically, you must define a cal-
culation domain, enclosing the application problem. A suitable mesh system splits this
domain into many small elements or grid cells. The spatial discretisation of Maxwell’s
equations is performed where degree of freedom are introduced as integral value.
Figure A.1: Procedures of CST Simulator
1This technique was first proposed by Weiland in 1976/1977
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Considering Faraday’s Law, the closed integral on the left side of the equation can
be rewritten as the sum of four grid voltages e without introducing any supplemen-
tary errors. Consequently, the time derivative of the magnetic flux defined on the
enclosed primary cell facets represents the right -hand side of the equation shown in
Fig.A.1.Repeating the procedure for all cell facets summarises the calculation in the
matrix formulation , introducing the topological matrix C as the discrete equivalent of
he analytical curl operator. Apply this scheme to Ampere’s Law on the dual grid in-
volves the definition of a corresponding curl operator C˜ shown in top right of Fig.A.1 i.e
Maxwell grid equations.
In defining the necessary voltages and fluxes , their integral values have to be approxi-
mated over the edges and cell areas respectively .Consequently,the resulting coefficients
depend on the average material parameters as well as the spatial resolution of the grid
shown Fig.A.2
Figure A.2: Material Equations
Regarding the above relations , calculation variables are given by electric voltages and
magnetic fluxes .Both types of unknown are located alternatively in time , as in well-
known leapfrog shown in Fig.A.2. The stability limit for the time step ∆t is given by
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Figure B.1: Fabricated antennas for body-centric applications.
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Figure B.2: Future integration system for breast cancer using the proposed
antennas. The system was designed by the team from MediWise UK
